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PREFACE 

This  book  was  written  by  the  late  Mr.  James  R.  Barr,  and 
was  intended  to  be  a  companion  volume  to  his  book  on 
Direct  Current  Electrical  Engineering. 

Owing  to  the  unfortunate  death  of  the  author,  before  the 
book  was  revised  for  publication,  I  undertook  the  task  of 
revision  and  correction  of  the  proofs.  In  doing  so  I  have 
altered  matter  only  where  the  author's  meaning  was  not 
perfectly  clear  and  where  mistakes  arose.  References  liave  been 
given  where  possible,  and  symbols  arranged  so  that  as  far  as 
possible  each  quantity  shall  have  a  separate  one. 

For  the  chapters  on  alternators  and  rotary  converters  Mr. 
Barr  was  much  indebted  to  the  excellent  treatise  Die  Wec/isel- 
slromtechnik,  by  E.  Arnold  and  J.  La  Cour,  on  whose  methods 
of  design  these  chapters  are  largely  founded. 

Though  clockwise  and  anti-clockwise  rotation  have  been 
used  indiscriminately  in  the  vector  diagrams,  this  has  not  been 
thought  a  disadvantage,  and  arrows  have  been  added  indicating 
the  direction  of  rotation  in  all  the  figures  in  which  there 
might  be  ambiguity. 

Many  thanks  are  due  to  the  various  firms,  both  here  and 
abroad,  which  have  given  detailed  drawings  and  designs,  and 
other  useful  information.  Personally,  my  thanks  are  due  to 
Mr.  E.  O.  Turner,  of  Heriot-Watt  College,  who  very  kindly 
looked  over  my  corrections  and  made  valuable  suggestions. 

ROBERT  D.  ARCHIBALD. 
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:  D.C.  induced  voltage  of  a  tolaiy  converter  {p.  476). 

-  Voltage  hetween  neutral  and  line. 

=  D.C.  vollage  at  no-load  of  a  rolary  converter  (p.  447). 

=  Induced  voltage  in  each  phase  of  the  armature. 

-  Slip  ring  voltage  of  a  rotary  (p.  421). 

=  VolUge  between  slip  rings  of  a  rotary  at  no-load  (p.  44^)- 

=  Voltage  of  transformer  (p.  J43). 
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-  Voltage  drop  due  to  resistance  =  Ia  r.  (p.  394). 

-  Voltage  drop  due  (o  ieactaiice=  la  r,  (p.  394). 
=  Stored  enei^  of  flywheel  (p.  364). 

'  Efficiency  (p.  170). 

-  Steinmetz'.s  hysteresis  constant. 

:  Ratio  of  netl  length  to  gross  axial  lenglh  of 

:  Copper  space-factor. 

-  lion  space-faclor. 


;  Current  (R.M.S.  value). 

:  Armature  R.M.S.  current  of  an  altemator  (p.  277). 
=  Total  R.M.S.  current  per  armature  phase  of  a  rotary  c 
including  (p.  4J9)— 

JIffD=  Power  and  loss  component  of  current. 
k\ae = Wattless  component  of  cunent. 
:   Core  loss  current  (p.  163). 
=   Magnetising  correnl  (p.  163). 

-  No-load  current  (p.  163). 

-  Norma]  short  circuit  current  of  an  altemator  (p.  302). 
=    R.M.S.  current  per  slip  ring  of  a  rotary  (p.  445). 

^   Synchronising  current  (p.  356). 

:   Outside  or  line  current  of  a  rotary  (p.  423). 

=  Watt  component  of  slip  rii^  current  (p.  445). 

=  Wattless  component  of  slip  rii^  current  (p.  445). 

i  Walt  current  per  phase. 

3   Wattless  current  in  each  armature  circuit  at  normal-load. 

r  Wattless  current  in  each  armature  circuit  at  no-Ioad. 

=  Instantaneous  value  of  current. 

=  Constant  (p.  273). 

=  Value  giren  on  (p.  273). 

=  Form  factor  (p.  216). 

=  Breadth  factor  (p.  ziS). 

=  Gap  factor  (p.  337}. 

=  Form  factor  (p.  271). 

-  Breadth  factor  (p.  I7t). 


-  Mean  length  of  magnetic  path  of  armature  core  (p.  242), 
:   Gross  axial  length  of  armature  core  (p.  230). 

-  Nelt  aiial  length  of  armature  core  (p.  230). 

-  length  of  pole  [radially)  [p.  242). 
:  I.ength  of  teeth  (radially)  (p.  242). 
;   Lenglh  of  armaturecoi]  (p.  319I. 

=   Ideal  axial  length  of  core  (p.  240). 

-  Length  of  armature  conductor  embedded  in  slot  per  turn  (p.  253). 
=   Length  of  pole  (axially)  (p.  245), 

:   Moment  or  torque. 

=  Synchronising  torque  in  kg.  metres  (p.  257). 

-  Number  of  phases  of  an  alternator. 

=   Number  of  slip  rings  of  rotary  converter  (p.  4*3). 

-  Permeability. 

:  Coefficient  of  friction. 
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:  Number  orcommutalor  segmenls  (p.  47J). 

:  Number  of  slols  per  pole  pitch  (p.  Z3l). 

:  Number  of  cycles  of  mechanical  oscI11>Iion  of  rolor  per  revolution 
(  =  Dunber  of  engine  cnnks  not  in  line)  (p.  365). 

-  Number  of  coils  in  series  (p  259}. 

:  Number  of  ait  ducts  in  aimaiure  core. 

:  Number  of  commulatoi  s^ments  covered  by  brash  (p.  471)- 

:  Permeance  of  leeih  and  aii-gap  (p.  219). 

:  Price  of  copper  (p.  146}. 

-  Price  of  iron  (p.  146). 

-  Permeance  of  leakage  paths  (p.  229), 
:  Penneance  (p.  253). 

=  Pairs  of  pole*. 

:  Copper  losses  -i  total  tosses  of  transformer  (p,  I46). 

:  Ptieeofcopper-i-price  of  [copper  +  iron)(p.  147) 

:  lion  losses  4- total  losses  of  transformer  (p.  146). 

:  Price  of  iron-i-price  of  (copper -f  iron)  (p.  147). 


:  Current  density  at  brush  contact. 

:  Nambei  of  circuits  in  parallel  in  ai 

-  Reaction  quotient  (p.  366). 

:  Slots  per  pole  per  phase  (p.  386). 


-  Revolution  per  minute. 

=  ResisUnceofconverteraitnatare  from  D.C.  side. 

-  Resistance  of  series  winding. 

:  Resistance  of  armature  winding  (p.  319}, 

:  Resistance  of  field  winding  {p.  319). 

:;  Reactance. 

:  Reactance  of  cholting  coil  (p.  445). 

=  Width  of  slot. 

:  Width  of  opening  of  slot. 

:  Ratio  of  pole  arc  to  pole  pitch  =  hlr  (p.  268). 

I  Leakage  coefficient  (p.  244). 

:  Coefficient  of  speed  variation  (p.  360). 


=  Timeof  one  complete  period. 

:  Aimature  turns  per  pole  (p.  289). 

=  Field  turns  per  pole  (p.  289). 

:  Primary  turns  of  a  transformer  (total). 

=  Secondary  turns  of  a  transformer  (total). 

-  Armature  turns  per  pair  of  poles  per  phase  (p.  264). 
=  Time  of  a  forced  oscillation  in  seconds  (p.  360). 

=  Tooth  pitch  in  cms. 

-  Pole  ptch  in  cms.  (p.  152). 

=  Pole  pitch  in  cms.  at  commutator  (p.  470). 
=  Displaccroent  in  electrical  degrees  (p.  364). 

=  Peripheral  speed  in  metres  per  second  (p.  3S4). 

:  Peripheral  speed  of  commutator  in  metres  per  second  (p.  470}. 
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•■  Armatuie  I'R  loss  in  rotary  (p.  453). 

.   -  Copper  loss  in  armature  slots  {p.  452). 

:  Armatuie  copper  loss  (p.  319). 

-  Copper  toss  in  exciting  coiU  (p.  319). 
:  Watts  loss  due  to  bru^  friction  on  commutator. 
=  PR  tosses  at  contact  of  brushes  and  cotnmutuor, 
=  Eddy-curcent  losses. 

-  Hysteresis  losses  (p.  13a). 
--  Hysteresis  losses  in  core. 
■-  Hysteresis  losses  in  teilh. 

,    -  Total  ironlos5es  =  W*  +  W,(pp.  323and4S4) 

=i  Mechanical  losses  (p.  321). 

—  Walls  loss  per  coil  of  field  magnet  (p.  332). 

—  Constant  or  no-load  losses  (p.  322). 

,   =  Watts  loss  due  to  brush  friction  on  slip  rings. 
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DESIGN     OF    ALTERNATING 
CURRENT     MACHINERY 


CHAPTER  I 

COMPLEX  WAVE  FORMS  AND  HARMONIC  ANALYSIS 

The  elementary  theory  of  alternating  currents  is  usually  based  upon 
the  assumption  that  the  waves  of  electromotive  force  and  current  are 
simple  sine  curves.  This  assumption,  although  facilitating  the 
analytical  and  graphic  treatment  of  alternating  current  prolilems,  is 
often  not  realised  in  practice.  In  some  cases  the  curves  may 
approximate  very  nearly  to  a  sine  wave,  whereas  in  others  the 
deviation  paay  be  considerable.  When  a  periodic  function  does 
not  follow  a  simple  sine  law  it  can,  however,  be  resolved  into  a 
number  of  components,  each  of  which  is  a  simple  harmonic,  having 
a  frequency  which  is  a  whole  multiple  of  the  frequency  of  the 
complex  function.  The  components  are  known  as  the  harmonics  of 
the  alternating  quantity  under  consideration. 

The  harmonic  which  has  the  same  frequency  (=~)  as  the  complex 
wave  is  the  regular  curve  to  which  the  former  approximates,  and  is 
called  the  fundamenlal.  The  Other  components,  having  a  frequency 
of  a~,  3~,  4~,  5—,  etc.,  are  tenned  the  second,  third,  fourth,  fifth, 
etc,  harmonics  respectively.  The  expression  for  the  instantaneous 
value  of  an  alternating  E.M.P.  which  follows  the  sine  law  is 

*j  =  E„„  sin  air— /=E^„sin  B. 

If  the  frequency  be  doubled,  i.e.  increased  to  2~,  then 

's  =  E«„  sin  2n- .  2— .  /■  E„„  sin  2$. 

In  general,  when  they  all  start  from  zero  at  the  same  instant,  the- 
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component  terms  of  any  complex  periodic  function  may  be  expressed 


y^  =  Fj  sin  atf 
.V3=F,  sin  3^ 
>,  =  K4  sin  ifi 


ist  harmonic  or  fundamental 
2nd  harmonic 
3rd 
4th       „ 


y^  ~  F.  sin  «tf  «th  harmonic, 

where  Fj,  Fj,  Fg,  F^,  .  .  .  F,are  the  amplitudes  of  the  various  harmonics. 
The  relations  between  the  fundamental  wave  and  the  second,  third,  and 
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fourth  harmonics  of  the  above  series  are  shown  graphically  in  Figure  r 
for  a  case  in  which  Fj  =  o.5  F,,  Fg  =  o.4  F„  and  F^  =  o.a  F,. 

Even  Harmonics. — In  Figure  3  the  fundamental  and  second 
harmonic  of  the  previous  figure  have  been  plotted  on  a  common 
reference  axis  as  shown  by  the  curves  F  and  Hj  respectively.  By 
adding  the  ordinates  of  the  curve  Hj  to  those  of  the  fuadamental 
there  is  obtained  the  resultant  curve  R,  the  equation  to  which  is 

_>'  =  F,  sin  ^  +  F2sin  20. 
Since  the  component  curves  do  not  attain  their  maximum  values  at 
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the  same  instant,  the  amplitude  (^  the  complex  carve  will  be  less 
than  F,  +  F^ 

la  some  cases  the  harmonics  may  not  start  from  zero  at  the  same 
instant  as  the  fundamental,  but  may  either  lag  or  lead  with  respect  to 
the  latter.     If  a  second  harmonic  of  amplitude  F^  and  lading  ^  degrees 
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Fig.  t. — Fundamental  and  second  harmonic. 


behind  the  fundamental,  be  superimposed  on  a  fundamental  whose 
maximum  value  is  Fj,  the  resultant  curve  R  (Figure  3),  having  a  shape 
considerably  different  from  that  of  the  previous  figure,  is  represented 
by  the  equation 

^  =  FiSin  tf+FjSin(2^-^). 


\0.- 


i 


Fig.  3.— Second  harmonic  lading  behind  fundamenlal, 

Rgure  4  shows  the  form  of  the  complex  curve  obtained  by  super- 
imposing a  fourth  harmonic  on  the  fundamental,  both  curves  starting 
from  zero  at  the  same  instant.    "Hie  equation  for  the  complex  curve  is 

>'  =  FiSintf  +  Fg  sin  \$. 

From  these  curves  it  will  be  seen  that  when  a  second  or  fourth 
harmonic  is  superimposed  on  the  fundamental,  successive  loops  of 
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the  resultant  curve  are  dissimilar,  i.e.  the  shape  of  the  curve  when 
rising  positively  from  a  zero  value  is  different  from  its  shape  when 
rising  n^atively  from  another  zero  value.  Such  will  always  be  the 
case  when  a  complex  curve  contains  an  even  harmonic,  no  matter  of 
what  order.  Now,  the  wave  form  of  E.M.F.  or  current  generated  in 
an  alternator  must  be  a  symmetrical  curve  with  the  positive  half- 
waves  exactly  similar  to  [he  negative  half-waves.     This  follows  from 
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Fig.  4. — Fonnh  bumonic  superposed  on  ruDdamental. 

the  fact  that  the  poles  of  the  alternator  are  all  alike  and  therefore 
generate  similar  electromotive  forces.  A  want  of  symmetry  in  the 
E.M.F.  wave  could  only  be  produced  by  making  alternate  pairs  of 
poles  of  different  shapes.  Hence  the  E.M.F.  and  current  waves  of 
alternators  can  contain  no  even  harmonics,  and  the  problem  of  com- 
plex wave  forms  is  considerably  simplified,  as  only  odd  hannonics 
need  be  considered. 
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Fig.  5. — Tliird  honnonic  superposed  on  fundamenla]. 

Odd  Harmonics. — Next  consider  the  form  of  wave  produced  by 
superimposing  a  third  harmonic  upon  the  fundamental.  The  shape 
of  the  complex  curve  will  again  depend  upon  the  relative  amplitudes 
of  the  fundamental  and  the  harmonic,  and  also  upon  the  phase 
relation  between  the  two  curves.  If  they  are  coincident  in  phase 
when  the  fundamental  passes  through  its  zero  value  the  equation 
for  the  resultant  wave  will  be 


j'=F,  sin  tf  +  FjSin  3^ 
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and  the  form  of  this  curve  wben  Fj  =  o.4  F,  mil  be  as  shown  in 
Figure  5,  the  resultant  curve  having  a  flattened  top.  When  the 
amplitude  of  the  harmonic  is  n^ative  the  harmonic  starts  from  zero 
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Flti.  6. — Third  hannonic  superposed  on  funduneutal. 

in  the  opposite  direction  to  the  fundamental,  and  the  resultant  curve, 
expressed  by 

>'  =  F,sin  fl-FjSin  3^ 

will   be  peaked  as  shown  in  Figure  6,  where  Fj-^0.75  Fj.     If  the 
harmonic  does  not  attain   its  zero  value  until  the  fundamental  has 
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Fig.  7, — LaggEng  third  harmonic  superposed  oi 


advanced  <^  degrees  (^  <  90°)  the  resultant  wave  becomes  peaked  in 
one  part  of  the  half  period  and  flattened  in  another,  as  shown  in 
Figure  7.  From  a  comparison  of  Figures  5  to  7  it  will  be  seen  that 
very  different  complex  waves  can  be  obtained  with  the  same  harmonics, 
depending  upon  the  phase  relation  between  the  harmonic  and  the 
fundamental  .  , 

r       ,.,  i.A.(.H")^le 
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The  effect  of  superimposing  the  fifth  harmonic  on  the  fundamental 
is  shown  in  Figures  8  and  9,  the  harmonic  being  negative  in  the  latter. 
Figure  10  indicates  the  shape  of  the  curve  obtained  when  a  third 
and  fifth  harmonic  are  superimposed  on  the  fundamental.  Since  the 
third  harmonic  lags  ^  degrees  behind  this,  and  the  fiflh  harmonic 


:^$ 


\t. 
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Fig.  8. — Fifth  hannonic  and  fundamental. 

starts  from  zero  in   the  opposite  direction  to  the  fundamental,  the 
equation  to  the  complex  curve  is 

y=K  sin  tf+Ag  sin  {3tf-^)-Aj  sin  sfl. 

An  examination  of  the  above  wave  forms,  containing  third  and 
fifth  harmonics,  will  show  that  (i)  The  number  of  ripples  in  a 
complex  curve  indicates  the  oider  of  the  harmonics;  for  example. 
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Fic  9. — Fifth  harmonic  and  fundamental. 

when  there  is  a  third  harniotitc  the  resultant  curve  will  have  three 
ripples,  (a)  When  the  harmonics  start  from  zero  at  the  same  instant 
as  the  fundamental  each  half  wave  is  symmetrical  about  a  vertical 
line  bisecting  it.  (3}  The  resuh  of  superimposing  a  third  harmonic 
on  the  fundamental  is  to  alter  the  peak  that  occurs  in  the  middle  of 
a  half  period  of  the  fundamental.  A  third  harmonic  lowers  the  peak 
(see  Figure  5),  whereas  a  fifth  harmonic  r^ses  it  (Figure  S).     When  the 
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amplitudes  of  the  harmonics  are  negative,  then  the  third  harmonic 
raises  the  peak  (Figure  6),  while  the  fifth  harmonic  lowers  it  (Figure  9). 
Similarly,  a  seventh  harmonic  with  a  positive  amplitude  lowers  the 
peak,  whereas  the  peak  is  raised  when  the  amplitude  is  negative. 
The  ninth  harmonic  distorts  the  fundamental  in  the  same  way  as 
the  Sfth. 

In  practice  seventh  harmonics  do  not  occur  very  frequently,  but 
higher  ones  (e^.  eleventh,  thirteenth,  and  seventeenth)  are  often  met 
with,  and  are  caused  by  the  pulsation  of  magnetic  flux  as  the  poles 
of  the  generator  move  past  the  armature  teeth. 

Harmonic  Analysis. — In  the  preceding  it  has  been  shown  how 
complex  wave  forms  are  obtained  by  adding  together,  any  number  of 
simple  harmonic  curves.     By  a  method  due  to  Fourier  it  is  also 
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possible  to  resolve  any  complex  periodic  curve  into  its  fundamental 
and  various  harmonics. 

Fourier's  theorem  states  that  any  periodic  curve,  however  complex — 
provided  it  represents  a  single-valued  function — can  be  resolved  into 
a  series  of  simple  harmonic  curves,  the  first  harmonic  or  fundamental 
having  the  same  periodic  time  as  the  given  function.  In  mathematical 
language  this  means  that  any  single-valued  periodic  function  can  be 
expressed  analytically  as  the  sum  of  a  series  of  terms,  each  of  which 
is  a  sine  or  cosine  of  an  angle  multiplied  by  a  constant.  Ify  denote 
the  magnitude  of  the  ordinate  of  the  complex  function,  then 


^=F„-HF,sin(tf-(-^,)  +  F,! 


-|-F„sin  («C  +  ^„) 


where  tf>  is  the  phase  of  the  harmonic  at  the  instant  of  time  zera 

The  constant  F,  is  introduced  when  the  abscissa  reference  axis  has 
not  been  drawn  so  that  the  mean  ordinate  is  zero,  but  in  current  and 
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E.M.P.  waves  the  ordinates  are  measured  from  the  mean  axis,  and  F, 
is  therefore  zero. 

Since  sin  (d  +  <^)  =  sin  B  cos  ^  4-  cos  &  sin  ^,  each  of  the  sine 
functions  in  the  equation  for  y  is  thus  the  sum  of  a  sine  and  a  codne 
term,  and  the  series  may  be  written  in  the  form 

_)'  =  AiSin  fl+BiCosfl  +  Ajsin  2tf+BjC0s  2* 
+   .        .        .        .   +A,  sinn^  +  B^cosntf 
=  Ai  sintf  +  AjSin  afl+Agsin  31?+  .  .  .  , 
+  B,  cos  tf+BjCos  atf  +  BjCos  3(1+  .... 

where  Aj  =  Fj  cos  <^„  Aj  =  F^  cos  ^j,  etc. 

and  Bi  =  F,  sin  ^1,  6^=  Fj  sin  ^,  etc. 

The  process  of  determining  the  values  of  the  coefficients  Aj,  A, 
....  A,  and  B„  B^  .  .  .  .  B^  is  called  harmonic  analysis.  The 
number  of  odd  teims  in  the  expansion  will  depend  on  the  extent 
to  which  the  function  deviates  from  a  simple  sine  curve.  In  certain 
ca^es  an  infinite  number  of  simple  harmonic  tenns  may  have  to  be 
taken  to  express  the  function  with  absolute  exactness.  The  number 
of  terms  into  which  the  function  is  analysed  depends  upon  the 
degree  of  accuracy  it  is  desired  to  obtain.  In  most  cases  analysis 
as  far  as  the  fif^b  harmonic  is  quite  sufficient,  but  under  certain 
circumstances  it  may  be  expedient  to  determine  the  coeffidenls  up  to 
the  eleventh  and  seventeenth  order  respectively.  It  is  very  seldom 
that  higher  harmonics  come  into  consideration. 

Several  methods  have  been  proposed  for  detetminii^  the  value 
of  the  constants  in  Fourier's  series,  but  only  the  two  more  important 
ones  will  here  be  discussed.  They  are  both  based  upon  three 
theorems  of  the  integral  calcalus 

(,j  /"sin  fl</fl  =  2 
(a) /"sin^  (».;0  =  J 

f/"  sin  aC.  sin .  ifl.  rfi3  =  o 
w/  ,    r^casae.cosbe.d6=o 

\     \ 

\    /""  sin  a6.  cos  14.  d$  =  o 

where  a  and  i  are  positive  integers  and  a  is  not  equal  to  *, 

Perry's  Method.* — The  value  of  the  constants  in  Fourier's  series 
are  derived  one  at  a  time,  by  multiplying  the  equation  throughout  by 
•  E/eclrkian,  1S98,  vol.  xxviii.  p.  36a. 
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the  sine  which  occius  in  the  particulai  term  of  which  it  is  desired  to 
find  the  coefficient.    Consider  the  equation 

^  =  Ai  sin  ^+Ag  sin  3^  + Ajsin  5fl4-  .... 
+  Bjcostf  +  Bjcos3fl+Bscosstf+  .... 
To  determine  Aj,  multiply  both  sides  of  the  equation  by  sin  tf  and 
int^rate  between  the  limits  of  o  and  v,  then 

f'  ysm  6  dB=r'  k^  sin«  (!l.rfi9  +  /"  Ag  sin  3ff.  sin  *.  rffl+   .... 
+  /"b,  costf.sinfl.iftf  +  /"BjC0S3».sinfl.<fl'+  . .. 

All  the  integrals  of  the  right-hand  side  of  the  equation  vanish  except 
the  first,  which  =-  Ai- 

Hence  A,  =  1  A"  J  sin  ff.aW, 

that  is,  ,the  coefficient  A,  is  equal  to  twice  the  mean  value  of  the 
product  y  and  sin  &  throughout  the  half-period.  Similarly,  by  multiply- 
ing the  equation  by  sin 3^,  sins^,  etc.,  and  by  costf,  cos3tf,  etc.,  the 
other  coefficients  are  as  follows : — 

Aj=?-/^  >> .  sin  3^ .  f^9  =  a  X  mean  value  of  ^  sin  30 
Aj  =  -  A  ^. sin  5tf.iilP=zx  mean  value  of>  sin  sff 

Bj  =  —  /    y.  cos  6  .d$  =  a  X  mean  value  of ^  cos  9 

'&^-~  I     ^.cos3tf.dP=2  xmean  value  of^  cos  3^ 

Bj=-  /    y.co&^$,<^=2  xmean  value  of^  cos  5S 
etc  etc. 

The  value  of  the  constants  in  the  equation 

j'  =  A,sinfl-fAasin  36  + A5  sin  stf  +  .  .  .  . 
+  BiCOstf-(-B8Cos  3^4- B5  cos  5^+    .... 
having  been  determined  by  the  above  process  the  equation  may  be 
put  into  the  form 

^=F,sin(tf-l-*,)  +  F9sin{30-H,^)  +  FsSin(5tf  +  *,)+ 

where  F,=  s/A,*  +  B,»,   F,=  s/aT+V^   F6=  JXf^J.&io. 

and  tan  ^,  =    -',     tan  ^  -  -r-*,     tan  ^  =  .j^,  etc. 
Ai  Aj  As 
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Example. — As  an  illustration  of  this  method,  the  complex  periodic 
curve  of  figure  i  r,  showing  the  variation  in  voltage  during  one-half  of 
a  period,  will  be  resolved  into  its  harmonics. 

Divide  the  abscissa  reference  axis  into  eighteen  equal  parts  each 
of  irhidi  will  correspond  to  an  angular  interval  of  lo  degrees.  Hence, 
starting  from  o,  &  vill  be  successively  lo,  ao,  30,  40,  etc.  Measure 
from  the  curve  the  value  of  each  ordinate  for  successive  values  of  0, 
and  tabulate  as  shown  in  Columns  I.  and  II.  of  Table  I. 

In  Column  III.  are  the  values  of  sin  6  as  obtained  from  a  book  of 
mathematical  tables.  The  data  in  Column  IV.  is  then  obtained  by 
multiplying  together  the  values  of  e  and  sin  &  as  given  in  Columns  II. 
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Fig.  II — e=33I.  sin  fl +  80  sin  (38- 35) +  30  sin  (50  +  72)- 


and  III.  respectively.     Columns  V.  to  XIV.  are  filled  up  in  a  similar 
manner,  and  the  constants  Aj,  A3,  etc.  derived  as  follows : — 


A| 

=  2  X  mean  value  of  Column  IV.     =  332. 

B, 

=  I  X  mean  value  of  Column  VI.     =  6. 

Ai 

=  a  X  mean  value  of  Column  VIII.  =  73. 

B, 

=  3  X  mean  value  of  Column  X.       =  -34 

A, 

r=  2  X  mean  value  of  Column  XII.    =9.5. 

B. 

=  2  X  mean  value  of  Column  XIV.  =  28. 

The  equation  to  the  E.M.F.  wave  in  Figure  11  is  therefore 

f  =  332  sin*  +  73  sin  jtf  +  g-s  sin  5fl+   .... 
+  6  cos  tf— 34  cos  3^+28  cos  sC     +   .  .  .  . 

When   the  coeffidenls  have  been   obtained  the  accuracy  of  the 

*.  jQOglC 
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results  can  be  tested  as  follows :  If  the  origin  be  taken  where  the 
curve  cuts  the  abscissa  reference  axis,  the  sum 

B^  +  Bj  +  B5  +  B,  +  .  .  .  .  should  equal  zero ;  and 

Aj  —  Aj  +  Aj  —  A7  +  .  ,  .  should  equal  the  ordinate  at  90*. 

Now  F,=  s/a7+b7*=  ■y332S  +  6*  =  332 
F8=  Va7+B7=  %/73'  +  (-34)*  =  8o 
Fj-  7a7+B7»=  V9.5'  +  28*-30 
*.  =  tan-i^^^  =  tan-i5^^=o 

^  =  tan-»5-»  =  tan-'^^ 25* 

"3  73 


The  equation  for  e  can  now  be  written  in  the  simpler  form 
(^.332  sin  9  +  80  sin  (3^- zs°)  +  30  sin  (59+73°). 

Thompson's  Method. — The  analysis  of  complex  wave  forms  by 
the  previous  method  is  rather  laborious,  especially  when  harmonics  of 
the  9th  or  higher  order  have  to  be  determined.  Several  other  processes 
have  been  suggested  for  a  more  rapid  determination  of  the  coefficients 

Aj,  Ag,  Aj  .  .  .  .  and  B^,  B,,  Bj, The  method  now  to  be 

described  is  due  to  Professor  S.  P.  Thompson,*  and  of  the  several 
methods  SO  far  evolved  is  certainly  the  simplest.  This  method  also 
requires  the  multiplication  by  sines  of  angles  and  the  subsequent 
int^ration  by  simple  addition,  but  the  labour  involved  in  the  calcula- 
tions is  shortened  by  a  process  of  grouping.  The  ordinates  are  grouped 
by  sums  and  differences  successively  taken,  in  such  a  way  that  the 
work  of  multiplying  through  by  the  sines  of  angles  is  not  on  individual 
ordinates,  but  on  assemblages  of  them. 

A  half-period  of  the  wave  form  to  be  analysed  is  divided  into 
2ffi  equal  parts  so  as  to  give  (im- t)  equidistant  ordinates,  (im - 1) 
being  the  order  of  the  highest  harmonic  that  has  to  be  determined 
These  ordinates  are  then  grouped  together  in  pairs  so  that  there  may 
be  found  the  sum  and  difference  of  the  ordinate  of  any  angle  and  the 
ordinate  of  its  supplement  The  sum  wi!l  contain  sine  components 
only,  and  the  difference  cosine  components  only.  For,  since  cos  nfl  = 
-cos  (i8o''-«tf)  and  sin  «e  =  sin  (180°-?;^),  it  follows  that  by  adding 
the  pair  of  supplemental  ordinates  all  cosines  are  eliminated,  whereas 
subtracting  them  from  one  another  eliminates  all  the  sines.  The  values 
of  the  ordinates  are  therefore  written  down  in  two  rows  under  one 
another,  the  first  row  of  m  members  from  light  to  left,  and  the  second 
*  EUctrieiatt,  1905,  vi>l.  Iv.  p.  79. 
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row  of  (ffi  —  i)  memben  from  left  to  right,  and  the  sums  and  differences 
taken.  All  the  cosine  terms  are  thus  separated  from  the  sine  terms. 
The  sums  are  used  for  determining  the  coefficients  Aj,  Ag,  Aj,  etc.,  of 
the  sine  terms ;  and  the  differences  for  determining  those  of  the  cosine 
terms  B„  Eg,  B5,  etc. 

Analysis  of  a  Periodic  Curve  up  to  the  Eleventh  Harmonic. 
— Suppose  it  is  desired  to  analyse  a  periodic  curve  up  to  the  eleventh 
harmonic,  then  the  half-period  is  divided  into  twelve  equal  parts  and 
the  eleven  ordinates  >i.  >j  -  .  ■  ■  y\v  ananged  thus  (the  ordinates 
7o  and  ^„  being  zero) : 

y\     H     y%     y*     y^     yt 

^n      ^10       "»       ya       yr 
adding  a^        a^        a^        a^        a^        a^ 
subtractit^  ^        62        ^s        ^4         *s 
where  a^  stands  for  the  sum  of  y^  and  _f,j,  and  ^,  for  the  difference 
between  ^j  and^'n- 

A  further  grouping  is  possible  for  the  higher  harmonics  of  those 
orders  for  which  the  ordinal  number  ts  a  factor  of  the  number  of 
divisor  m, — for  example,  the  third  and  ninth  term  if  01  =  9.  For  when 
getting  out  the  third  harmonic  the  ordinate  at  15°  is  multiplied  by 
sin  45°,  the  ordinate  at  45°  by  sin  135°,  and  the  ordinate  at  75*  by  sin 
225%  and  in  doing  this  it  should  be  remembered  that  sin  4S°  =  sin 
ij5°-=  -sin  235'.  Hence  the  three  ordinate  values  at  15°,  45°,  and 
75*,  as  well  as  their  three  supplementals  at  165*,  135°,  and  105°,  since 
they  all  have  to  be  multiplied  by  sin  45°  (-l-or-)  and  then  added 
(/>.  integrated)  together,  may  just  as  well  be  grouped  together  by 
adding  before  being  multiplied  by  sin  45°,  so  that  one  multiplication 
suffices  instead  of  six. 

Hence  group  the  numbers  to  obtain  values  for  use  with  third  and 
ninth  harmonics  as  follows : — 

The  sums  a^  Oj, and  the  differences  61,  i^ ,  are 

then  ananged  in  a  convenient  schedule,  each  number  as  it  is  entered 
being  multiplied  by  the  sine  of  the  angle  set  over  against  it.  The 
schedule  given  below  shows  how  the  numbers  should  he  entered.  Sine 
terms  are  entered  from  the  top  opposite  the  angles  0°  to  90°,  and  cosine 
terms  from  the  bottom,  since  cos  o*  =  sin  90'.  The  results  for  the 
harmonics  will,  for  reasons  stated  below,  come  out  in  pairs.  For 
example,  when  the  half  period  is  divided  into  twelve  equal  parts  the 
harmonics  will  come  out  first  and  eleventh  together,  third  and  ninth 
together,  and  so  forth.  Hence  in  entering  the  numbers  in  the  schedule 
they  are  entered  alternately  in  two  columns  side  by  side,  in  zigzag 
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order.     For  the  first  (and  eleventh)  order  of  harmonics  the  entries  fill 
successively  every  place  opposite  the  sines. 


Sin  i5''  =  Cos7S°=o, 

Rin30°  =  Cos6o°  =  o. 
Siii4S'  =  C'>s45°=o. 
Sm6o°  =  Cos3o°  =  o. 
Sin75°  =  Cos  i5''  =  o. 
Sin9o°  =  Cos   o°  =  i. 


nc  Term 

Cosine  Tenns.            1 

^ 

^ 

^    . 

^  .    1 

■^l 
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fef= 
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'm 

«,     ' 
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"o 
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...      j 

6  A, 

6A, 

6Aj 

6B, 

68, 

6B, 

6A„ 

6  A, 

6Aj 

61), 

.B, 

Now,  coeffidents  of  the  «th  order  are  given  by  the  integrals : — 

A„  =  -  f  y.%m  n9.de 

andB„  =  i  /"  y.cos  ne.de 

Hence  it  remains  to  integrate  and  take  twice  the  means.  The  in- 
t^ration  here  becomes  a  mere  summation  of  the  products  made  during 
the  preceding  process.  But  since  in  the  case  in  which  twelve  ordinates 
(including  the  zero)  are  taken,  the  eleventh  coefficient  would  be  got 
out  by  multiplying  by  the  same  sines  as  would  yield  the  first  coefficient, 
only  with  alternate  +  and  —  signs  prefixed,  the  addition  for  both  the 
first  and  eleventh  harmonics  may  be  effected  by  finding  separately  the 
sums  of  alternate  product  numbers,  which  are  therefore  set  down 
alternately  in  two  columns.  The  totals  of  the  first  column  and  of  the 
second  column  are  therefore  made  separately.  The  sum  of  them 
gives  the  "integral"  for  the  first  harmonic,  and  the  difference  the 
"  integral "  for  the  eleventh  harmonic,  and  so  forth.  Then  finally,  these 
sums  and  differences  must  be  divided  through  by  half  the  number  of 
ordinates  taken  so  as  to  give  twice  the  mean.  If  twelve  ordinates 
(including  the  zero  at  the  origin)  have  been  taken,  division  is  made  by 
six,  but  by  nine  if  eighteen  ordinates  are  taken.     The  summation  which 
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here  corresponds  to  integration  is  taken  over  the  hatf-period.  But  as 
botli  half-periods  are  alike,  and  as  the  first  process  of  adding  up 
supplemental  ordinates  gives  the  doubles  of  their  respective  sine  terms 
the  result  is  the  same  as  if  Ihe  sum  had  been  divided  by  two  and  the 
summation  had  been  subsequently  extended  from  0°  to  360°. 

Analysis  of  a  Periodic  Curve  up  to  the  Seventeenth  Har- 
monic— To  analyse  a  periodic  curve  up  to  the  seventeenth  harmonic, 
the  order  of  procedure  would  be  as  set  forlh  below. 

Diride  the  half-period  into  eighteen  parts  so  as  to  give  the  seven- 
teen  equidistant   ordinates  >'i,  y^  y^ ^ij.     To   determine  the 

sum  and  difference  of  the  ordinates  of  supplementary  angles,  arrange 
the  ordinates  in  rows,  thus  : — 


^17 

Sums       . 

-h 

-!. 

Dilfcr^c^      . 

h 

*= 

J-! 

ft 
ya 

y-, 
yn 

yi» 

yt 

... 

•h 

.. 

". 

"t 

"7 

<h 

. 

h 

*4 

*. 

i; 

^ 

^ 

'■ 

Group  numbers  as  below  for  use  in  obtaining  third,  ninth,  and 
fifteenth  harmonics. 

For  Sine  Termi.  For  Cosine  Tcmis. 


Third  and  fifteenth 


Ninth 


*S-^8  +  *4-'*!(  =  ''s 


Enter  the  above  numbers  as  in  Ihe  table  below,  each  number  as  it 
is  entered  being  multiplied  by  the  sine  of  the  angle  in  the  first  column. 

To  determine  the  coefficients  Aj,  Aj A,j  and  Bj,  B^ B,j, 

find  the  totals  of  the  first  and  second  columns  and  then  divide  the 
sums  and  difTerences  by  nine. 

Example. — As. an  example  of  Thompson's  melhod  the  E.M.F.  wave 
of  F^ure  1 1(7  will  be  analysed  as  far  as  the  seventeenth  harmonic. 

The  seventeen  ordinates — roo,  180,  250,  300,  340,  380,  460,  530, 
560,  530,  470,  400,  400,  370,  300,  a  10,  and  100 — are  arranged  for 
determining  the  sum  and  difference  of  the  ordinates  of  supplementary 
angles. 

100     180     250    300    340    380     4O0    530     560 
100     a  10     300     370     400     400     47o_.53|? . 

Sura  200    390     550    670     740     780    930  1060     560 

Difference       o   -30   -50   -70   -60   -  ao   -  ro        o 
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Grouping  for  third,  ninth,  and  fifteenth  harmonics  :- 

f,  -  200  -  sso  +  740  -  93°  +  560  =  20 
Cy  =  aoo  +  740  -  930  =  10 

''8  =  390  +  670- 1060  =0 

^■3  =  550-560  --I 

dy=     -0+70-30  =40 

1/3=10+60+0  =70 

rf  =0  +  20  —  70  +  30  =-: 

Tabulate  thus  :— 


FOR  SINE  TERMS 


1st,    I7lh. 

3rd.  isih. 

5th.  .3.h. 

7th.  mh. 

9ih. 

0.174  ■ 

200 

-930 

-740 

a342 

390 

-670 

1 

0.766 

740 

780 

-780 

780 

0.940 

-740 

390 

-670 

-10 

S60    "^ 

^560 

20      : 

o..„.         .         . 

35 

-160 

430 

S70 

■55 

675 

-67s 

675 

0.940 

0.985 

1040 

-660 

1.000 

-10 

560 

-S60 

20 

Total,  1st  column  . 

ToUl,  and  column 

160 

-95 

...      1 

,  Sum      . 

4S90 

-7 

-161 

ao 

30 

-' 

-  29 

LHvidc  by  9  . 

A,  =510 

A,  =  -0.8 

A>=3J-3 

A,=a.i 

1 

A„~3-3 

A^=->.3 

Ai,=3.a 
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FOR  COSINE  TERMS 


1  1st.    17th. 

3rd,  isih.  ,5ih.  13th. 

7ih. 

nth. 

gih. 

0.174  .     . 

1      0 

30 

-70 

0.342 

a?6^ 

1              0 

10 

■tfJ 

1             -50 

70  1             SO 

?o 

0.98S 

1 

M 

-10 

Multiply  by  Slnei 

- 

0,174    ■ 

1      0 
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,., 

0.348 

1           -34 
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43 

41 

«S 

0.98s 

1        -       ° 

«,     ■ 

-59 

:-«, 

Tolal,  1st  column 

60 

Total,  and  column 

1       -S8 
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60 

53 
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Sum      . 

-  45 

-34 
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Divide  by  9  , 
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The  equation  to  the  E.M.F.  wave  of  Figure  11  is  therefore 

e=Sio  sin  tf-0.8  sin  3*  +  33.3  sin  55+17.9  sin  ^0  +  a-2  sin  9* 
+  3.2  sin  I  id -2.8  sin  13*- 0.2  sin  15^  +  3.3  sin  17^-  14,4  cos  tf 
+  10.4  COS  3^+1 2.6  cos  $6 -0.1  cos7tf-  2.2  cos  9^+  1.2  cos  iifl 
+  0.8  cos  136-3.8  cos  15^-5  cos  17A 

Or  in  its  simpler  form 

e-510  sin  e+10.4  sin  (3fl+9o)  +  36  sin  {5fl  +  22)  +  i7.9  sin  ^$ 
+  3.1  sin  (95-4S)  +  3-S  sin  (iifl  +  32)  +  2.3  sin  (136+160) 
-3.8  sin  (i56-92)  +  6  sin  (176-57). 

Analysis  of  a  Periodic  Curve  up  to  the  Fifth  Hannonic— 
When  the  coefficients  are  required  up  to  the  fifth  order  only,  then  the 
method  of  procedure  will  be  thus : — 

Divide  the  half-period  into  six  equal  parts,  and  measure  the 
ordinates  y^,  y^  yg,  y^  and  y^,.  The  sine  and  cosine  terms  are  then 
separated  by  arranging  the  oidinates  as  under : — 


Difference  .     rfj       ' 

Grou[Mi^  for  third  harmonic :  Hj  -11,= 


ii^  and  multiplying  by  sines  > 


Ai^letf. 

Sine«. 

Sine  Tetnu. 

Cosine  Teims. 

IS..           5th. 

3rd. 

«.            511>. 

3ri. 

90- 

fS 

£j 

'•                  ., 

-'. 

TouJ,  istcolomn. 
Total,  2iid  colnnm 

::: 

^ 

Sum. 
Mfioeace 

3  A,            1     3  A, 
3  A.            I       ... 

\\ 

3B, 

Result     .                  .    ^  =  A,sine  +  A,sin3fl  +  A,ain5e 
+  Bi  cos  fl  +  B,  cos  3S  +  B,  cos  59 

Coogic 
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Shape  of  Current  Waves  when  E.M.F.  Curve  coQtaios 
Harmonics. — When  an  E.M.P.  of  complex  wave  form  is  impressed 
upon  a  circuit  the  shape  of  the  current  wave  in  general  need  not  be 
the  same  as  that  of  the  pressure  wave,  but  depends  upon  the  value  of 
the  resistance,  self-inductance,  and  capacity  of  the  circuit.  Suppose  the 
E.M.F.  expressed  by  the  equation 

<=33osin  tf  +  75  sin  3^ 
be  applied  to  a  circuit  which  has  a  resistance  of  15  ohms  and  a 
negligible  inductance  and  capacity.  Since  each  component  of  the 
E.M.F.  produces  its  own  current  and  acts  as  if  the  other  were  absent, 
the  resultant  current  in  the  circuit  will  be  the  algebraic  sum  of  die 
currents  due  to  the  various  component  E.M.F. 's.  As  the  circuit  undei 
consideration  is  of  negligible  reactance,  the  currents  will  be  in  phase 
with  their  respective  E.M.F. 's,  and  the  resultant  current 

i  =  ^^sinfl  +  ^sin3tf 
=  12  sinfl  +  5  sin  3*. 
Since  the  ratio  of  the  amplitudes,  and  also  the  phases  ^  the 
two  components  of  the  current,  are  the  same  as  those  of  the  E.M.F. 
components,  it  follows  that  the  shape  of  the  current  wave  will  be  exactly 
similar  to  that  of  the  E.M.F.  This  conclusion  is  applicable  to  all  non- 
inductive  circuits,  no  matter  how  many  harmonics  are  present 

Next  suppose  the  same  E.M.F.  be  impressed  upon  a  circuit  having 
a  resistance  of  8.3  ohms  and  an  inductance  of  0.05  henries,  and  that 
the  frequency  of  the  E.M.F.  is  50  periods.  The  instantaneous  value  of 
the  current  is 

,-.5Ksin(«-«  +  f5,i„(3()_^ 
^1  *s 

where  >j  =  impedance  offered  to  the  first  harmonic 
«s=  »  »  third        „ 

^1  =  angle  of  lag  of  first  harmonic  of  current  behind  the  impressed  E.M.K. 
^=  ..  third  „  „  „ 

Now,  the  third  harmonic  has  a  frequency  three  times  as  great  as  the 
fundamental,  so  that 

zi  =  V8.3=  + 40^^50''.  0.05^  =  1 7-8  ohms. 
H=  N/8:3'  +  45rST75o^.  o.o5'  =  48ohms. 
^,  =  tan-i??^i^-i2:2i  =  tan-'  1.87-60°. 

,  air,  150.0.0^ 
^  =  tan' -^7- ^  =tan-i  5.6  =  80. 

Substituting  the  values  in  the  expression  for  the  current 

.■-a?,i„(«_6„)  +  !|,i„(3«-8o) 

-  18.5  sin  (t*  -  60)  + 1.5  sin  (3tf  -  80). 
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The  fundamental  and  third  harmonic  of  the  cuirent  are  indicated 
by  the  chain-dotted  curves  of  Figure  1 2.  The  resultant  current  wave 
obtained  by  superposing  the  third  harmonic  on  the  fundamental  is 
shown  by  the  full-Une  curve.  It  will  be  noted  that  the  current  and 
impressed  E.M.F.  waves  have  somewhat  difTerent  forms,  the  E.M.F.  wave, 
though  having  a  depressed  peak,  giving  rise  to  a  current  wave  which 
deviates  but  little  from  a  simple  sine  curve.  The  reason  for  this  is 
that  the  amplitude  of  the  current  waves  is  cut  down  at  a  rate  almost 
proportional  to  the  increase  of  frequency.  Hence  the  triple  frequency 
harmonic  will  be  damped  out  nearly  three  times  as  much  as  the 
fundamental.  It  15  evident,  therefore,  that  one  effect  of  self-induction 
in  a  circuit  is  to  smooth  down  the  ripples  in  the  current  wave,  the 
higher  the  frequency  of  the  harmonics  the  more  nearly  will  the  current 
wave  approximate  to  a  sine  curve.     Hence  alternating  current  generators 
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— Induclive  circuit. 


whose  wave  forms  of  E.M.F.  are  pure  sine  curves  will  be  less  affected  than 
others  by  the  self-inductance  of  the  circuit  to  which  they  supply  current. 
The  effect  of  the  capacity  of  a  circuit  on  the  current  wave  form  will 
now  be  examined.     Suppose  the  E.M.F.  represented  by  the  equation 

«  =  330o  sin  tf+750  sin  3^ 

be  applied  to  an  unloaded  concentric  cable  having  a  capacity  of  3 
microfarads,  the  frequency  of  the  E.M.F.  being  50  ~.  The  impedance 
will  now  be  equal  to  the  reactance  of  the  cable,  and  the  component 
currents  will  be  in  advance  of  the  impressed  E.M.F.  by  almost  go  degrees. 
The  cunrent  flowing  into  the  cable  is  expressed  by 

'=/C  3300  sin  («  +  9o)-H3/C.  750  sin  (3^  +  9°) 
where/=a«- X  50  =  314 
andC-3XJo-«. 
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314.3  xio-«.7so  sin  (3^+90) 


Hence 

'■=3'4-3X  •o''-330«  sin  (fl  +  9o)  +  3> 
-=3.1  sin  {tf  +  9o)  +  2,i  sin  (30  +  90). 

The  component  current  curves,  together  with  the  resultant  current 
wave,  are,  in  Figure  13,  plotted  on  the  same  reference  axes  as  the 
impressed  E.M.F.  The  current  wave  deviates  more  widely  from  the 
^mpie  sine  form  than  does  the  E.M.F.  curve:  thus  showing  that  the 
effect  of  capacity  in  a  circuit  is  to  produce  still  greater  distortion  in  the 
current  wave  than  that  which  is  already  present  in  the  E.M.F.  curve. 
In  this  respect  the  effect  of  capacity  is  the  reverse  of  that  produced  by 


FiQ.  13.— Cunent  and  E.M.F.  wave-forms  for  a  capacity  load. 

inductance.  This  is  because  the  capacity  current  (=/CE)  increases 
directly  as  the  frequency,  thus  bringing  the  higher  harmonics  into  greater 
prominence. 

Now,  when  capadty  and  self-inductance  are  present  the  phenomenon 
of  resonance  occurs  for  certain  relations  between  the  values  of  those 
quantities  and  the  frequency.  With  a  complex  wave  of  pressure  a  rise 
of  potential  due  to  resonance  may  occur  with  any  of  the  harmonics. 
For  example,  in  a  50  —  supply  circuit  the  E.M.F.  wave  of  which 
contains  the  fifth  and  eleventh  harmonics,  resonance  may  occur  for  the 
three  relations 
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where  L  and  C  respectively  denote  the  self-induction  and  capacity  of 
the  circuit. 

Thus  with  waves  of  non-sinusoidal  form  the  chances  of  resonance 
are  increased.  In  modem  systems  the  capacity  of  the  mains  and 
inducUnce  of  the  apparatus  are  generally  such  that  resonance  for  the 
harmonics  of  the  ninth  order  or  less  is  not  likely  to  occur,  and  even 
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then  the  current  due  to  the  higher  harmonics  is  kept  within  reasonable 
limits,  by  the  losses  in  the  circuit  The  effect  of  resonance  with  a 
thirteenth  harmonic  is  clearly  shown  by  the  curve  of  Figure  14,  which 
is  the  current  wave-form  from  a  generator  when  connected  to  three 
unloaded  cables,  the  capacity  gf  the  cables  and  inductance  of  the 
alternator  having  the  requisite  values  for  resonance  with  the  thirteenth 
harmonic. 

Effective  Value  of  Complex  Quantities.— When  odd  har- 
monics are  superposed  on  the  fundameptal  the  curve  of  E,M.F.  impressed 
upon  a  circuit  may  be  represented  analytically  by  the  series 

*=E,  sin  (fl+<^i)  +  E3sin  (3tf  +  <^g)-l-E6sin(5tf  +  «^j)  + 


Fic.  14. — CuiTcnt  wBVe-fonn  showing  resonance  «rith  thirteenth  harmonic. 


where  E^,  £„  Ej,  etc.  are  the  amplitudes  of  the  fundamental,  third, 
fifth,  etc.  harmonics.  Now,  if  E  denote  the  effective  value  of  the 
electromotive  force,  then 

E«=l    /"{E,sin(fl  +  ^,)  +  EsSin(3tf  +  ^a)  +  EjSin(5*+*5)  +  ...)^.  dB 

=  ^  /''{Ej«sin»(0+*,)  +  Es«sin«(3«  +  *,)  +  Ej«sin(stf  +  ^5)+  .  .  . 
+  2E,EaSin(tf  +  <^,)-sin(3*  +  *3)  +  2E,E6sin{tf+^,).sin(5tf  +  <^5)...}.rftf 
Now /''sin»tf.rfl9  =  - 
,    /•"sin(rf.sinWrftf=o,  whereuis  not  equal  to  ^  and  both  are 
J  whole  numbers. 

HenceE''='(E'. -  +  £»."  +  £,*.-  + \ 

=  i{EiHEs«-l-E,3  + } 

and  E-0.707  VV  +  Es^  +  Ep+TTTTT. 
A  similar  expression  holds  good  for  a  complex  current  wave. 

r     ,11,  Google 
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Example. — Find  the  effective  value  of  the  E.M.F.  of  an  altematOT 
whose  wave  form  is  shown  in  Figure  t  r. 

Ei  =  33a,   Es  =  8o,  and  £5  =  30 
Effective  E.M.F.  =  0.7O7  »/33a^  +  8o^  +  3o^  =  342  volts. 
Note. — Effective  value  of  the  fundamental  =  0.707  x  331  =  235  volts. 
Power  and  Power-Factor  of  a  Circuit  where  E.M.F.  and 
Current  Waves  are  distorted.— Suppose  the  E.M,F.  represeDted 
by  the  function 

ir=E,  sin  ff+EgSin  stf  +  Ej  sin  5^  + 

be  applied  to  a  circuit,  then  each  simple  harmonic  term  in  the  E.M.F. 
wave  will  give  lise  to  its  own  component  of  current  of  the  corresiwndii^ 
frequency.     Let  the  expression  for  the  current  be 

/=I,  sin{tf  +  ^,)  +  l5sin(3fl  +  ^)  +  Ijsin(s*  +  ^s)  + 

Then  the  instantaneous  value  of  the  power  is 

Ki=<;(  =  EiIiSintf.sin(fl  +  ^i)  +  EjI,sin3fl.sin(3  0  +  ^)+ 

+  E,I,  sin  Q  .  sin  (3*  +  ^3)  +  Eg[^  sin  3*  .  sin  (fl  +  ^,) 
Integrating  between  the  limits  6~o  and  9  =  >r,  the  mean  value  of  the 
power  is 

W  "  1  y"  {E,I,  sin  e .  sin  {6  +  *i)  +  EJg  sin  z6 .  sin  (3^  +  <^)  + .  ■  ■ . 

+  E,l3sin(9.sin(3tf  +  ^g)  +  E,Ij  sin  3tf.sin  (19  +  ^) }d6 

Now,  the  integral  taken  between  o  and  w  of  all  products  of  terms  of 
different  frequencies  is  zero,  hence 

W=i  /"   {Eili  sintf.sin{tf  +  ^,)  +  E3lgSin  3* -  sin  (31?  +  «^g)  +  ■  ■■!'*■ 
Now  all  terms  such  as  C   {EI  sin  6 .  sin  (0  +  <l>))(/6 
=  El  f'{sme. sin  (6+4,)}. d6 
=  ^1  r    (sin'(9.cos^4-sin  ff.cosS.sin  ^)rffl 

-El(^cos<^  +  o)  =  EI.-.cos* 
Substituting  this  value  in  the  expression  for  the  mean  power 

^f  _  I  f  Ell,  TT  cos  ^,   ,E,l3XCOS^3^ I 


r^eiii 


cos  ^1  +  —?-^  COS  ^g- 


That  is,  the  total  power  is  equal  to  the  sum  of  the  powers  due  to  the 
various  simple  harmonic  components. 
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Tbe  power  Tactor  of  a  circuit  is  usually  defined  as  the  cosine  of  the 
angle  0  by  which  the  current  lags  behind  or  leads  the  E.M.F.,  ^  being 
measured  either  with  respect  to  the  zero  or  maximum  values  of  the  two 
waves.  When  dealing  with  complex  wave  forms  of  current  and  E.M.F. 
the  phase  difference  considered  with  respect  to  the  zero  values,  and 
also  with  respect  to  the  maximum  values,  will  in  general  be  different. 
The  above  definition  of  power  factor  is  therefore  ambiguous,  and  the 
term  "angle  of  lag"  when  applied  to  distorted  wave-forms  must  be 
specially  defined.  For  this  purpose  each  distorted  wave  may  be 
considered  as  replaced  by  an  equivalent  sine  wave,  i.e.  a  sine  wave 
having  the  same  effective  value  as  the  complex  curve.  The  mean 
product  of  instantaneous  values  of  the  distorted  waves  of  cunent  and 
E.M.F.  will  then  be  the  same  as  that  of  the  equivalent  sine  waves. 
If  ^,  denote  the  phase  angle  between  the  equivalent  sine  waves  of 
current  and  E.M.F.,  then  COS  1^,  is  the  power  factor  of  the  circuit. 
According  to  this  definition  no  reference  whatever  is  made  to  the 
relative  positions  of  either  the  zero  or  maximum  ordinates  of  the  com- 
plex curves. 

All  measurements  of  alteraatir^  currents  and  E.M.F.'s,  with  the 
^Dgle  exception  of  instantaneous  readings,  yield  the  equivalent  sine 
wave  only,  and  suppress  tbe  higher  harmonics.  This  is  because  all 
measuring  instruments  give  either  the  mean  square  of  the  wave,  01 
the  mean  product  of  instantaneous  values  of  current  and  E.M.F., 
which — by  definition — are  the  same  in  the  equivalent  sine  wave  as 
in  tbe  distorted  wave.  Hence  in  all  practical  applications  it  is 
permissible  to  neglect  the  higher  harmonics  altogether,  and  replace 
the  distorted  wave  by  its  equivalent  sine  wave.  There  must,  however, 
be  kept  in  mind  the  existence  of  the  higher  harmonics  as  a  possible 
disturbing  factor  which  may  become  of  importance  in  those  cases 
where  the  frequency  of  the  said  harmonics  is  near  the  frequency  of 
resonance  of  the  circuit. 
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CHAPTER    H 

INSULATION 

In  the  design  of  low-pressure  insulation — i.e.  insulation  for  pressures 
not  exceeding  looo  volts,  the  judgment  of  the  designer  is  assisted 
only  to  a  small  extent  by  electrical  science.  The  thickness  of 
insulation  is  more  or  less  defined  by  the  required  mechanical  strength, 
and  this  generally  allows  a  sufficient  factor  of  safety  for  tests  four  or 
five  times  the  normal  working  pressure.  On  the  other  hand,  with 
alternating  current  machines  and  apparatus  employing  the  higher 
electrical  pressures  in  commercial  use,  the  deciding  factor  is  the 
provision  of  insulation  which  has  ample  strength  to  withstand  the 
electric  strains  that  are  encountered. 

The  essential  properties  of  an  insulating  material  are:  (i)  ability 
to  stand  the  mechanical  and  electrical  stresses  due  to  the  voltages 
used ;  and  (3)  such  a  poor  conductivity  that  only  a  negligibly  small 
current  can  flow  through  it.  These  properties  are  respectively  termed 
the  "dielectric  strength"  and  the  "ohmic  or  insulation  resistance"  of 
the  insulator.  The  other  features  to  be  considered  in  selecting  an 
insulating  material  are  (3)  mechanical  strength  and  flexibility,  and 
(4)  the  ability  to  resist  the  influence  of  moisture,  air,  oils,  adds,  etc 

In  the  early  days  of  electrical  engineering  the  general  practice 
was  to  consider  the  ohmic  resistance  only,  and  that  insulator  which 
by  measurement  gave  the  highest  insulation  resistance  was  regarded 
as  the  best  This,  however,  is  a  wrong  basis  on  which  to  make 
comparisons,  because  the  insulation  resistance  depends  la^ly  upon 
the  moisture  contained,  and  in  a  given  sample  can  be  varied  from  a 
fraction  of  a  megohm  to  "  infinity "  simply  by  putting  the  sample 
through  a  prolonged  process  of  baking.  The  dielectric  or  disruptive 
strength  of  a  material,  rather  thaji  the  insulation  resistance,  is  now 
recognised  as  the  true  measure  of  its  usefulness  as  an  insulator. 

High  insulation  resistance  and  great  dielectric  strength  are  not 
always  found  in  the  same  material.  For  Instance,  air  has  an  infinitely 
high  insulation  resistance,  but  not  much  dielectric  strength ;  while 
glass,  with  a  disruptive  strength  many  times  greater,  has  not  nearly 
such  a  high  ohmic  resistance. 

Stress  on  a  Dielectric. — In  Figure  15,  suppose  that  D  represents 
a   dielectric    the   terminal   faces  of  which   are    in    contact   with    the 
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conductors  A  and  B.  On  connecting  the  latter  to  a  source  of 
E,M.F.  the  medium  between  the  conductors  will  be  traversed  by 
Faraday's  lines  of  force,  and  an  electric  stress,  proportional  to  the 
Vwtential  difference  between  A  and  B,  will  be  exeiied  throughout 
the  dielectric.  The  stress  or  electric  intensity  at  any  point  is  equal 
to  the  rate  at  which  the  potential  diminishes  when  moving  along  the 
line  of  force  passing  through  that  point,  and  is  therefore  measured 
by  the  potential  gradient,  which  for  engineering  purposes  is  generally 
expressed  in  volts  per  millimetre. 

Assuming  the  charges  on  A  and  B  to  have  the  signs  indicated 
in  the  diagram,  then  the  positive  and  negative  electrons  in  the 
dielectric  will,  under  the  influence  of  the  electric  stress,  be  attracted 
towards  A  and  B  respectively — i.t.  the  electric  force  produces  a 
distortion  of  the  molecular  structure  of  the  dielectric.  Such  a  displace- 
ment while  in  progress  consritutes  an  electric  current.  The  dis- 
placement of  the  electrons  encounters  the  reaction  due  to  the  internal 
atomic  forces   tending  to  maintain  the  original  structural  form,  but 

A  D  B 

+  +  + 

Fig.  IS- 

when  the  stress  exceeds  a  certain  limit  structumi  rupture  takes  place 
and  ordinary  conduction  currents  ensue.  [Of  course,  there  will 
always  be  small  currents  which  pass  conduct ively  through  all 
dielectrics  when  subjected  to  E.M.Fs. ;  these  currents  are,  however, 
so  small  that  for  all  practical  purposes  they  may  be  neglected.]  The 
m^mum  value  of  the  electric  stress  which  an  insulating  material,  in 
a  given  physical  state,  can  withsUnd  without  breaking  down  is 
termed  its  dieUdric  or  disruptive  strength.  The  dielectric  strength 
of  an  insulator  depends  chiefly  upon  its  molecular  structure,  and 
in  general,  though  not  always,  Uie  greater  the  density  and  the  more 
homc^neoua  a  dielectric  of  a  single  class  is,  the  higher  will  be  its 
disruptive  strength. 

Potential  Gradient  and  Specific  Inductive  Capacity.— In 
practice  dielectrics  are  often  composed  of  more  than  one  quality  of 
insulation.  For  instance,  in  the  case  of  an  armature  wintUng  the 
insulation  between  the  conductors  and  the  core  always  consists  of 
two  parts:  (i)  the    cotton  covering  round  the  conductor,  and  (a)  the 
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slot  lining  consisting  of  one  or  more  of  the  following:  micanite, 
press-spahn,  leatheroid,  and  paper.  Now,  when  a  compound  dielectric 
is  subjected  to  electrical  stress  a  different  intensity  of  force  is 
obtained  through  the  various  materials.  The  effect  of  this  is  to  cause 
an  unequal  distribution  of  pressure  over  the  insulation^  the  potential 
gradient  in  any  dielectric  being  inversely  proportional  to  its  specific 
inductive  capacity. 

The  effect  of  specific  inductive  capacity  upon  the  disruptive  voltage 
of  a  compound  dielectric  is  well  illustrated  by  a  classical  experiment 
of  R,  A.  Fessenden.*  Referring  to  Figure  16  (a),  two  roetal  plates 
M,  M,  were  placed  10  mm.  apart  with  an  alternating  pressure  of 
10,000  volts  between  them.  As  air  will  stand  15,000  volts  per 
centimetre,  this  allowed  a  50  per  cent,  factor  of  safety.  Now,  when 
two  glass  plates  G,  G,  having  a  specific  inductive  capacity  =  8,  and  a 
thickness  of  2.5  mm.,  were  introduced  as  in  Figure  16  (b),  the  voltage 
divided  itself  inversely  as  the  specific  inductive  capacities,  so  that  the 
pressure  between  the  glass  plates  became  8890  volts,  conesponding  to 


Fig.  t6. — Specific  inductive  capadty  and  potential  gradient. 

a  potential  gradient  in  the  air  of  17,800  volts  per  centimetre.  As  air 
will  only  support  about  15,000  volts  per  centimetre,  a  spark  passed 
at  every  reversal  of  the  voltage.  This  quickly  heated  the  glass  and 
made  it  conduct,  so  that  the  full  potential  of  10,000  volts  existed 
between  the  plates  G,  G,  and  a  regular  arc  was  formed.  The  introduc- 
tion of  a  better  dielectric  than  the  air  had  thus  the  paradoxical  effect 
of  weakening  the  insulation.  This  will  always  be  the  case  with 
alternating  voltages,  unless  the  whole  space  is  filled  with  the  sane 
material — or  materials  so  arranged  that  each  layer  of  the  dielectric 
has  the  same  specific  inductive  capacity.  The  experiment  just 
described  illustrates  a  very  important  principle,  the  thorough  under- 
standing of  which  is  essential  owing  to  the  rapidly  increasing 
refinements  required  in  the  application  of  insulating  materials. 

When  wires  have  to  be  Insulated  the  dielectric  is  applied  in  the 
form  of  concentric  tubes.     Now  since   the    electric    force — U.   the 
■  Insulalim  and  Cimducltm,  Amer.  Insl.  of  Elect.  Eng.,  1898,  vol.  xv.  p.  II9. 
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nurobei  of  Faraday's  lines  in  any  outer  zone  sturounding  a  conductor, 
must  be  the  same  as  that  through  the  zone  next  to  the  conductor,  and 
since  the  sectional  area  determined  by  the  latter  zone  must  inevitably 
be  smaUer  than  the  sections  at  corresponding  outer  zones,  it  follows 
that  the  electric  intensity  will  be  greater  in  the  zone  sections  next  to 
the  conductor.  Hence,  in  order  to  get  a  uniform  potential  gradient 
r^ht  through  the  insulation,  it  is  necessary  to  use  an  insulating  material 
with  a  high  specific  inductive  capacity  inside,  and  as  the  radius  of  the 
tabes  gets  bigger  the  specific  inductive  capacity  of  the  dielectric  should 
be  decreased  accordingly.  This  is  what  is  known  as  "grading  the 
dielectric,"  and  where  there  is  a  considerable  difference  in  radius 
between  the  inner  and  outer  layers  of  insulation  it  is  most  important. 
Similar  considerations,  which  are  fully  discussed  in  Chapter  VII.,  have 
to  be  taken  into  account  when  designing  the  slot  insuladon  of  high- 
voltage  machines. 


Test  for  Dielsctric  Strength 

The  thickness  of  the  dielectric  required  for  the  insulation  of  high- 
voltage  circuits  is  based  upon  two  considerations :  (i)  the  disruptive 
strength  of  the  various  dielectrics  used,  and  (3)  the  factor  of  safety 
pennissible.  The  disruptive  strength  or  puncturing  voltage  of 
insulating  materials  is  generally  measured  by  inserting  test  specimens 
between  metal  electrodes  and  increasing  the  voltage  until  rupture 
takes  place. 

Within  recent  years  numerous  investigations  have  been  made  to 
obtain  data  regarding  the  dielectric  strength  of  the  various  insulating 
materials,  but  unfortunately  there  is  a  great  divergence  of  the  results 
published  by  the  various  authorities.  Differences  of  150  or  even 
200  per  cent  for  materials  of  the  same  description  are  by  no  means 
rare;  and  while  it  roust  certainly  be  admitted  that  some  of  the 
insulating  materials  vary  considerably  in  quality,  others  have  been 
more  or  less  standardised,  so  that  the  cause  of  the  inconsistency  must 
be  looked  for  in  another  direction. 

When  a  given  sample  is  tested  it  will  be  found  that  the  break- 
down voltage  is  mainly  influenced  by  the  shape  of  the  electrodes, 
temperature,  presence  of  moisture,  and  the  length  of  time  pressure  is 
applied.  The  breakdown  voltage  is  also  affected  to  some  extent  by 
the  frequency  and  wave  form  of  the  testily  voltage,  and  mechanical 
pressure  on  the  electrodes. 

Shape  of  Eiectrodes,  Mechanical  Pressure,  Wave  Form, 
aod  Frequency. — T"he  influence  of  the  shape  of  the  electrodes  on 
the  breakdown  voltage  has  been   investigated  by  C.   Kinzbrunner.* 


«(I90S),  vol.  Iv.  p.  811. 
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He  experimented  with  six  brass  electrodes  of  the  following  dimendons : 
No.  I,  sharply  pointed ;  No.  2,  sphere  of  5  mm.  radius ;  No.  3,  sphere 
of  10  mm.  radius;  No.  4,  sphere  of  30  mm.  radius;  No.  5,  plate  of 
40  mm.  diameter ;  and  No.  6,  plate  of  100  mm.  diameter.  The  curve 
in  P^ure  17  shows  how  the  voltage  required  to  breakdown  a  sample 
of  press-spahn  varies  with  the  radius  of  the  electrodes.  For  the 
pointed  electrode  this  radius  has  been  taken  as  iniinitely  small,  and 
for  flat  electrodes  as  infinitely  large.  This  curve  is  very  useful  from 
the  practical  point  of  view,  as  it  shows  that  in  order  to  obtain  the 
actual  disruptive  voltage  for  an  insulating  material  it  is  essential  that 
it  should  be  tested  with  flat  electrodes.  This  conclusion  is  confirmed 
by  several  authorities  and  applies  to  ail  solid  dielectrics.  The  size 
of  the  electrodes  does  not  appear  to  have  a  very  great  influence  upon 
the    disruptive    voltage.    The    usual    practice    is    to   employ    small 


Radius  oTclectrodci 


electrodes  of  from  3.5  to  5  centimetres  diameter,  the  edges  being 
slightly  curved  In  order  to  ensure  a  more  uniform  stress  throughout 
the  sample. 

For  pressures  greater  than  35  grammes  per  square  centimetre  the 
mechanical  pressure  on  the  dielectric  does  not  affect  the  puncturing 
voltage,  but  a  standard  wave  form  and  frequency  are  essential.  For 
a  given  R.M,S.  value  of  pressure  a  peaked  wave  will  be  more  liable 
to  pierce  a  dielectric  than  a  Sat  wave;  hence  to  enable  all  tests  to 
be  comparable  the  wave  form  of  the  testing  E.M.F.  should  be  a  sine 
curve.  The  results  of  Kinzbrunner's  investigations  would  indicate 
that  the  frequency  had  very  little  effect  on  the  disruptive  voltage, 
provided  it  was  below  75  and  above  30  cycles  per  second. 
E.  H.  Rayner,*  on  the  other  hand,  found  that  the  pressure  required 
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to  break  down  a  specimen  fell  with  tlie  frequency,  as  is  shown  by  the 
fc^wing  results : — 


Specimen. 

Frequency. 

Disruptive  Pressure  in  Volts. 

Piess-spahn  heated  for  six  weeks  « 
Oiled  cloth  (not  heated)  . 

37SO 
3300 
4S8o 
4370 

Whenever  possible  a  frequency  of  50  cycles  per  second  should  be 
adopted,  as  this  is  probably  the  most  convenient  standard. 

Influence  of  Temperature  and  Moisture. — The  temperature 
<rf  a  dielectric   at  the   time    the    testing    voltage  is  applied  has  a 
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Fig,  18. — Effect  Oi  temperature  on  breakdown  voltage  of  oiled  linen. 

considerable  influence  upon  the  disruptive  pressure,  the  latter 
decreasing  rapidly  as  the  temperature  rises.  This  deterioration, 
probably  due  to  the  disintegration  of  the  dielectric,  is  shown  by  the 
curves  in  Figure  18,  which  give  the  disruptive  strength  of  oiled  linen 
at  the  temperatures  15°,  60°,  and  100°  C.  When  being  tested 
the  physical  condition  of  a  dielectric  should  be  made  to  approach, 
as  nearly  as  possible,  the  actual  conditions  met  with  in  practice. 
Now,  the  temperature  to  which  the  insulation  of  electrical  machines 
attfuns  may  when  fully  loaded  be  as  high  as  60°  or  65°  C,  so  that 
to  be  of  real  value  to  the  designer  the  breakdown  voltage  should  be 
measured  at  a  temperature  of  about  65°  C.  Unfortunately,  most  of 
the  test  results  available  are  for  much  lower  temperatures,  generally 
about  17°  C,  and  this  of  course  detracts  considerably  from  their  value. 
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In  the  case  of  hygroscopic  dielectrics,  e.g.  leatheroid,  paper,  linen 
fabrics,  etc.,  an  increase  in  temperature  is  at  first  accompanied  by  an 
increase  in  the  puncture  resistance;  this  improvement  of  insulation 
is  due  to  the  moisture  they  contain  being  driven  off.  When  once 
the  dielectric  is  freed  of  its  moisture  any  further  increase  in 
temperature  will  be  accompanied  by  a  decrease  in  the  dielectric 
strength.  The  curves  in  Figure  19*  show  how  the  breakdown  voltage 
of  fullerboard  is  influenced  by  moisture.  Curve  A  refers  to  a  sample 
tested  just  as  received  from  the  factory,  while  Curve  B  gives  the  test 
results  made  on  thoroughly  dried  samples  of  the  same  material.  The 
presence  of  moisture  has  thus  an  appreciable  effect  on  the  dielectric 
strength  of  insulators,  and  though  it  is  quite  impossible  to  remove  all 
traces  of  moisture,  care  should  be  taken  to  attain  normal  conditions. 
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Tbicknets  in  nni. 
Fig.  19. — Influence  of  moisCuie  on  breakdown  voltage  of  fullerboaid. 

Hence,  before  making  tests,  the  specimens  should  be  thoroughly  dried 
in  a  vacuum  oven. 

Length  of  Time  Pressure  should  be  Applied.  —  Many 

dielectrics,  if  maintained  at  a  voltage  slightly  lower  than  that  which 
ruptures  them  immediately  on  the  pressure  being  applied,  will  break 
down  at  the  lower  voltage  if  this  is  maintained  for  a  few  minutes.  The 
voltage  at  breakdown  is  thus  affected  by  the  time  of  electrification,  as 
shown  by  the  curves  in  Figure  20.  This  is  of  great  importance  in 
testing  dielectrics,  and  any  material  should  be  subjected  to  the  voltage 
for  at  least  such  a  period,  after  which  its  time  curve  becomes  asymptotic 
In  the  case  of  a  single  layer  of  varnished  paper  this  time,  which  might 
be  referred  to  as  the  "  time  factor,"  is  about  one  minute.  The  time 
factor  increases  with  various  materials  according  to  their  dielectric 
strength,  and  for  a  given  material  increases  with  its  thickness  (see 
*  Turner  and  Hobart,  Insulalian  of  Machiius,  p.  30. 
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Figure  ao).  The  explanation  seems  to  be  that  the  ene^  loss* 
occurring  in  the  dielectric  causes  the  latter  to  attain  a  somewhat  higher 
temperature  during  the  test,  so  that  a  corresponding  decrease  in  the 
dielectric  strength  results.  Hence  for  a  given  applied  voltage,  lupture 
is  more  likely  to  take  place  at  the  end  of  an  interval  of  time  equal 
to  the  time  factor  than  at  the  instant  of  application.  In  testing  the 
dielectric  strength  of  a  material  the  voltage  should  therefore  be  in- 
creased by  small  steps,  and  maintained  constant  at  each  step  foi 
definite  intervals  of  from  one  to  three  minutes,  according  to  the 
dielectric  strength  and  thickness  of  the  specimen.  The  omission  to 
observe  this  condition  is  probably  the  cause  of  the  enormous  difference 
in  the  values  of  the  dielectric  strengths  obtained  for  insulating  materials 
of  the  same  quality.     For  example,  suppose  that  the  time  of  testing  of 
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Fig.  zo.— Time  curves  for  a35  mm.  varnished  paper,  flat  electrodes. 

the  varnished  paper  of  Figure  20  be  fixed  at  half  a  minute,  then  for 
a  single  layer  a  voltage  would  be  obtained  about  10  per  cent,  larger 
than  the  actual  disruptive  voltage,  while  for  four  layers  it  would  he 
15  per  cent  too  high. 

Testing  Apparatus. — A  suitable  form  of  apparatus  for  deter- 
mirung  the  disruptive  strength  of  insulating  materials  is  shown  in 
Figure  31.  It  consists  of  a  wood  box  supported  on  large  insulators 
and  divided  into  two  compartments  by  a  horizontal  metal  shelf  S. 
The  sides  of  the  box — except  the  front  to  which  a  glass  door  is  fitted — 
are  lined  with  asbestos.  The  electrodes  E  are  placed  in  the  top 
compartment,  the  temperature  of  which  can  be  varied  within  wide 
limits  by  means  of  glow  lamps  fitted  inside  the  lower  compartment. 
The  leads  from  the  high-tension  transformer  would  be  brought  through 
*  See  page  46. 
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two  choking  coils  to  the  electrodes.  The  lead  connected  to  the  lower 
electrode  would  probably  be  earthed,  while  the  lead  of  the  top  electrode 
would  be  brought  through  a  porcelain  insulator  as  shown.  The  weight 
\V  serves  to  load  the  top  electrodes  so  as  to  give  a  total  pressure  of 
about  4  kilogrammes. 

Variation  of  Dielectric  Strength  with  Thickness.— With  the 
majority  of  insulating  materials  the  disruptive  strength  increases  at  a 
less  rapid  rate  than  the  thickness,  as  will  be  seen  from  the  curves  in 
Figure  i8.  As  to  the  reason  for  this  there  appears  at  present  to  be  no 
definite  information ;  some  authorities  say  it  is  due  to  the  difficulty  of 


Fio.  21. — Appftraios  for  testing  dielectric*.    Scale  i  :  3. 

obtaining  a  uniform  composition  throughout  the  thickness  of  the  sheet. 
That  this  may  be  the  explanation  is  supported  by  the  fact  that  the 
puncture  resistances  of  porcelain,  glass,  or  mica — which  are  perhaps 
the  most  homogeneous  of  all  the  dielectrics — increase  almost  in  pro- 
portion to  the  thickness.  In  the  case  of  hygroscopic  materials  such  as 
fibre,  leatheroid,  etc,  this  phenomenon  see'ms  to  be  partly  due  to  the 
difficulty  of  drying  out  the  inner  portions,  the  insulating  strength  per 
millimetre  decreasing  rapidly  with  the  thickness. 

As  to  what  law  insulators  follow  with  regard  to  the  increase  of 
puncture  resistance  with  increasing  thickness  is  by  no  means  certain : 
many  experiments  have  been  carried  out  to  determine  this,  but  no 
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one  seemB  to  have  arrived  at  very  de&iite  conclusions.  According  to 
Baur,*  the  breakdown  voltage  as  a  function  of  the  thickness  may  be 
expressed  by  the  equation 

where  /—thickness  of  the  dielectric  in  millimetres. 

C  =  a  coefficient  which  is  equal  to  the  voltage  necessary  to 
break  down  a  thickness  of  i  mm.  of  the  insulation — 
i.e.  the  "dielectric  strength." 
In  Table  II.  are  given  the  values  of  C  as  determined  experimentally 
by  Baur  with  plate  electrodes. 

Tablx  II.— Dielectric  Strength  of  Insulators  as  detbrhinbd  bv  Baur. 
Impcegnaled  jute  .....         Z,loo  volts. 

OrdiiNiry  dry  a 
Empre  clolh 
Hud  porcclair 
Fuller  board 


From  the  more  recent  experiments  of  Kinzbrunnert  it  would 
appear  that  the  dielectric  strength  of  most  insulators,  mica  and  Para 
rubber  excepted,  can  be  expressed  by  the  formula 

E  =  CV/ 
where  C  and  /  have  the  same  meaning  as  in  the  previous  formula. 
The  following  table  gives  Kinzbnmner's  values  for  the  dielectric 
stretch — i.e.  the  disruptive  voltage  for  i  mm. — of  the  respective 
material,  for  several  of  the  most  usual  insulating  materials  used  for  the 
insulation  of  electrical  machinery. 


Material, 
Press-spahn 
Muiita  paper 
Ordimiy  paper . 
Fibre    . 
Vanmhed  paper 
Impr^Dated  paper 
Red  rope  paper 
Vamisbed  linen 
Empire  cloth     . 
Lotheioid 
Ebonite 


DiiUaric  Strength 
{Average  Valuet). 


3.0S0    , 

28,500  ; 


•  EltariHaa  (igoOj  "ol-  »lvii.  p.  759. 

t  mi.  {1905),  vol.  iv.  pp.  938-941  kba  977-9S8. 
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Since  the  disraptive  voltage  per  irillimetre  decreases  with  increasing 
thickness,  it  would  appear  that  the  insulating  power  of  a  material  could 
be  enhanced  by  laminating  it — i.e.  by  subdividing  it  into  several 
thin  layers.  The  laminating  or  subdividing  of  a  material  can  only  be 
advantageous  if  the  dielectric  strength  of  several  layers  of  a  material 
increases  in  proportion  to  the  number  of  layers.  The  curves  of  Figure 
22  give  the  dielectric  strength  as  a  function  of  the  number  of  layers  for 
dark  brown  press-spahn  0.8  and  0.38  mms.  thicknesses  respectively. 
It  will  be  observed  that  these  curves  are  also  quadratic,  and  Kinibrunner 
has  found  that  the  disruptive  strength  of  n  layers  is  given  by 

E„  -  El  Jn 
where   E,  denotes  the  disruptive  voltage  of  one  layer  of  the  same 
material. 

The  lamination  of  a  material  has  electrically  no  elTect  whatever ; 
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Fig.  22, — Ratio  belween  number  of  layers  and  dielectric  strength  of 
dark  brown  ptess-spahn. 


therefore,  with  regard  to  the  disruptive  voltage"  it  does  not  make  the 
slightest  difference  whether,  for  instance,  one  layer  4  mms.  thick  be 
used  or  four  layers  of  the  same  material,  each  layer  being  1  mm.  thick. 
On  the  other  hand,  it  may  in  some  cases  be  of  advantage  to  subdivide 
a  material  into  several  thin  layers,  more  especially  in  cases  where  the 
material  is  subjected  to  mechanical  strains,  such  as,  for  instance,  in 
bending  through  a  small  radius,  etc  Thus  more  especially  for  slot 
insulations  it  would  improve  the  electrical  resistance  of  the  insulation 
if  several  thin  layers  were  employed  instead  of  one  thick  layer.  With 
almost  all  other  insulating  materials  the  dielectric  strength  of  several 
layers  increases  in  a  similar  manner.  Paper  is,  however,  an  exception, 
and  gives  very  interesting  results  (see  Figure  23).  With  very  fine 
paper  the  curves  are  approximately  straight  lines,  but  become  more 
bent  the  thicker  the  paper  is.     Finally,  with  very  thick  samples  the 
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curves  aie  nearly  quadradc  The  important  deductions  to  be  drawn 
from  the  latter  curves  is  that  paper  should  be  used  in  very  thin  sheets 
aad  in  as  many  layers  as  possible.  For  example,  suppose  that  a 
winding  has  to  be  insulated  with  paper  and  that  a  space  of,  say,  0.36 
mm.  is  available  for  the  insulation.  By  using  three  sheets  of  paper, 
each  of  about  o.ia  mm.  thickness,  the  total  dielectric  strength  of  this 
insulation  would  be  about  Jioo  volts,  while  the  dielectric  strength  of 
i>  sheets  of  0.03  mm.  thiclcness  would  be  about  1600  volts — i.e. 
nearly  50  per  cent.  more. 

Insulating  Materials 

Mica  and  Mica  Compounds. — Mica  is  without  doubt  the  most 
important  insulating  material  used  in  the  construction  of  electric 
machinery.  Besides  possessing  extremely  high  insulating  qualities,  it 
can  withstand  high  temperatures  without  deterioration  and  is  non- 
hygroscopic.  Mica  is  a  mineral  consisting  in  most  cases  of  a  double 
silicate  of  aluminium  and  potassium  with  various  other  admixtures.     In 
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certain  grades  the  potassium  is  replaced  by  sodium  or  m^nesium. 
The  colour  depends  greatly  upon  the  percentage  of  the  ingredients 
present ;  high  percentages  of  magnesium  tend  a  darker  colour  to  the 
mica  than  when  potassium  is  present.  The  presence  of  iron  in  large 
quantities  imparts  a  colour  ranging  from  grey  to  black.  Mica  crystallises 
in  a  laminated  mass  and  has  a  remarkably  fine  and  uniTorm  cleavage, 
so  that  it  can  easily  be  divided  up  into  very  thin  sheets  of  uniform 
thickness. 

The  curves  in  Figure  24  show  how  the  disruptive  voltage  of  white 
Indian  and  white  amber  mica  varies  with  thickness.  If  mica  be 
covered  with  a  film  of  oil  its  puncture  resistance  will  be  reduced 
condderably ;  for  instance,  a  sheet  of  mica  which  would  resist  10,000 
volts  for  an  unlimited  time  in  air  would  breakdown  instantly  under 
oil  at  a  pressure  of  about  5000  volts.     Paraffin  and  sealing  wax  produce 
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the  same  results.  This  phenomenon  is  not  because  of  the  diflerence 
of  the  specific  inductive  capacity,  but  for  quite  another  reason.  The 
oil  under  the  electrodes  has  a  lower  disruptive  strength  than  the  mica, 
and  breaks  down  first :  at  the  point  where  the  breakdown  occurs  the 
oil  carbonises,  becoming  a  conductor  for  the  time  being.  This 
intensifies  the  electrical  stress  on  the  mica  just  at  the  point  where  the 
oil  has  broken  down,  and  the  mica  punctures  at  a  much  lower  voltage. 
The  great  disadvantage  of  natural  mica  is  that  it  is  extremely 
inflexible  and  cannot  be  bent-— except  in  the  thinnest  component 
laminae,  because  in  a  piece  of  any  thickness  the  different  laminae 
adhere  immediately  to  one  another.  To  overcome  this  disadvantage 
it  has  become  necessary  to  employ  the  artificial  forms  of  mica  known 
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as  micanite  and  mica  cloth,  these  being  largely  used  in  the  insulation 
of  transformers  and  armature  coils, 

Micanite  is  prepared  from  flakes  of  mica  which  are  re-assembled 
and  cemented  together  with  an  insulating  gum,  e.g.  shellac,  the 
sheets  in  the  process  of  manufacture  being  raised  to  a  temperature 
of  about  100°  C.  and  subjected  to  considerable  mechanical  pressure. 
The  cementing  material  is  of  such  a  nature  that  when  heated  it 
permits  the  different  layers  to  slip  slightly  over  each  other,  and  so 
allow  the  mica  to  conform  to  any  surface  to  which  it  may  be  applied. 
If  allowed  to  cool  in  the  mould  it  will  retain  this  form.  The  disruptive 
strength  of  micanite  is  somewhat  less  than  that  of  pure  mica  (see  curve 
in  Figure  24),  and  its  breakdown,  when  the  limiting  voltage  is  reached, 
appears  to  be  due  to  the  chemical  decomposition  of  the  cementing 
gum  and  not  to  failure  of  the  mica.     Micanite  is  chiefly  used  for  the 
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slot  insulation  of  armature  coils.  For  the  insulation  of  transformer 
OT  field  magnet  coils,  micanite  would  be  unsuitable  oiring  to  brittle- 
ness  at  ordinary  temperatures,  so  that  for  such  purposes  mica  cloth 
is  generally  used.  The  latter  is  more  flexible  and  is  constructed  of 
composite  sheets  of  mica  alternated  with  sheets  of  manilla  paper  or 
linen  specially  prepared  so  as  to  be  moisture  proof.  Mica  cloth  so 
prepared  has  a  disruptive  strength  ranging  from  60  to  70  per  cent  that 
of  mica. 

Press-Spabn. — Press-spahn,  in  thin  sheets,  is  largely  used  for 
the  insulation  of  low-voltage  windings.  It  is  flexible,  has  a  uniform 
thickness,  and  is  homogeneous  in  texture.  Though  it  hat  a  smooth 
glossy  surface  it  is  somewhat  hygroscopic.  Before  being  used  it 
diould  therefore  be  thoroughly  dried,  and  to  prevent  the  re-entrance 
of  moisture  it  is  invariably  coated  with  varnish  or  impregnated  with 
linseed  oil.  When  thin  sheets  of  press-spahn  are  treated  with 
linseed  oil  the  disruptive  strength  is  improved,  but  in  the  case  of 
thick  sheets  impregnated  press-spahn  shows  a  Sower  disruptive  strength 
per  millimetre  than  when  untreated.  This  is  due  to  the  large  increase 
in  thickness  which  results  from  the  process  of  impregnating,  and  is 
shown  by  the  curves  in  Figure  25.  Table  IV.  gives  Holitscher's  * 
results  of  tests  made  on  samples  of  t  mm.  press-spahn  by  seven 
diflincnt  firms. 
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Vulcanised    Fibres. — Red    and    grey    vulcanised    fibres    are 

prepared  by  chemically  treating  paper  fibre  and  consolidating  it  under 

peat  mechanical  pressure.    Vulcanised  fibre  is  mechanically  strong,  but 

u  very  hygroscofuc.     When  maintained  at  a  temperature  of  50'  C. 

•  BUktr«UilmUcke  ZtUsekri/t  (1902),  p.  ii7- 
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or  more  for  any  appreciable  time  it  becomes  brittle,  and  is  tberefoTe 
veiy  seldom  used  in  the  construction  of  electrical  machinery. 
Whenever  it  is  necessaiy  to  use  this  material  it  should  be  thorou^ly 
painted  so  as  to  render  it  moisture  proof.  The  dielectric  strength 
varies  according  to  the  thickness,  but  good  vulcanised  Bbre  should 
withstand  10,000  volts  in  thicknesses  ranging  from  3.0  to  ao  millimetres, 
this  puncturing  voltage  not  increasing  with  the  thickness,  owii^  to 
the  increased  difficulty  of  thoroughly  drying  the  inner  part  of  thick 
sheets. 

Leatheroid  and. Horn  Fibre. — Leatheroid  and  hom  fibre  are 
made  according  to  the  same  process  as  vulcanised  fibre,  and  possess 
substantially  the  same  qualities.  At  ordinary  temperatures  they  are 
exceedingly  tough,   horn  fibre  more  so  than  leatheroid,  but  when 
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Fig.  25. — Dielectric  strength  of  ptess-spahn  as  a  (unction  of  the  thickness. 


subjected  to  prolonged  heating  at  high  temperatures  become  brittle. 
They  should  therefore  not  be  relied  upon  entirely  for  the  insulation 
of  any  electrical  apparatus  subject  to  vibration.  Owing  to  the 
difficulty  of  drying  out  the  inner  portions  and  obtaining  uniformity 
throughout  the  composition  of  the  sheet  an  increase  in  thickness 
above  3.5  or  3.0  millimetres  is  not  necessarily  accompanied  by  an 
increase  in  the  breakdown  voltage.  The  dielectric  strength  of 
leatheroid  and  hom  fibre  has  been  plotted  as  a  function  of  the 
thickness,  in  Figure  a6,  from  which  it  will  be  noted  that  the  disruptive 
strength  of  leatheroid  is  about  50  per  cent,  greater  than  horn  fibre. 

Impregnated  Paper. — Paper,  owing  to  its  homogeneous  structure 
and  even  qualities,  is  extensively  used  either  alone  or  in  conjunction 
with  some  other  material  such  as  mica.  Manila,  express,  and  bond 
papers  are  the  best  so  far  as  disruptive  and  mechanical  strengths  are 
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concerned,  although  the  so-called  red  rope  is  probably  the  most  used 
or  all  These  four  varieties,  when  coated  with  good  insulating  varnishes, 
are  excellent  dielectrics  having  a  disruptive  strength  of  from  6,000  to 


s 

s 

«^in 

s 

Fir 

\ 

■v 

•Ss. 

^r 

&11 

* 

lS~ 

^ 

-- 

V 

Fig.  36.— DielecUic  strength  of  leatheioid  andhom  fibre. 


10,000  volts  per  millimetre.  On  account  of  their  hygroscopic  nature 
these  papers  must  always  be  treated  with  some  moisture-proof  insulat- 
ing varnish.  In  fact,  the  present  tendency  is  to  look  upon  the  paper 
as  a  medium  of  applying  the  insulating  varnish,  and  to  depend  upon 
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the  latter  only  for  the  dielectric  strength.  The  curves  in  Figure  37  . 
show  the  marked  improvement  in  the  dielectric  strength  of  manila 
paper  when  coated  with  varnish. 
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Impregnated  Cloths. — Cambric,  linen,  and  muslin  impregnated 
with  linseed  oil  or  other  varnishes  are— owing  to  their  flexibility—lately 
used  for  the  insulation  of  field  magnet  and  transformer  coils.  As 
is  the  case  with  impregnated  papers,  the  varnish  or  oil  forms  the 
dielectric  proper,  the  fabric  being  merely  the  medium  for  carrying  the 
varnish  or  oil.  The  cloth  must  be  free  from  chlorine,  which  is  used 
in  bleaching,  for  if  not  thoroughly  removed  it  causes  fermentation 
and  rotting  of  the  fabric  To  test  for  chlorine,  a  sample  of  the  fabric 
should  be  boiled  in  distilled  water ;  this  water  is  then  put  in  a  test- 
tube  and  a  few  drops  of  nitrate  of  silver  added.  The  appearance  of 
a  precipitate  indicates  the  presence  of  chlorides.  The  curves  of  Figure 
28  give  the  dielectric  strength  in  volts  per  millimetre  for  (t)  varnished 


^ 

\ 

\ 

\ 

S 

^ 

v^ 

\ 

\ 

■x 

\ 

^ 

^ 

^ 

^ 

s 

s^ 

S^ 

- 

-i 

''■K 

V 

S 

^ 

— 

— 

^ 

iv 

- 

mpi 

CC, 

■" 

-- 

^ 

Vac 

ish^ 

- 

1 

Q 

L 

Tbicknes  in  mm. 
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linen,  best  quality,  (i)  varnished  linen,  inferior  quality,  (3)  oiled  linen, 
and  (4)  empire  cloth,  the  latter  being  the  trade  name  for  cambric 
treated  with  linseed  oil.  The  disruptive  strength  of  impregnated  cloths 
decreases  rapidly  with  increasing  temperature  (see  curves  for  oiled 
linen,  Figure  18),  and  within  the  usual  working  range  of  temperatures 
for  electrical  machinery  there  may  be  a  variation  in  the  disruptive 
strength  by  as  much  as  50  per  cent.  Again,  when  freely  exposed 
to  air,  continued  high  temperature  tends  to  produce  brittleness,  due 
to  oxidation,  and  for  this  reason  it  is  inadvisable  to  use  cloths 
impregnated  with  linseed  oil  for  the  insulation  of  armatures.  They 
are,  however,  largely  used  in  the  construction  of  transformers,  where, 
owing  to  immersion  in  oil,  the  air  is  more  or  less  excluded. 
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Oils. — So  far  as  relates  to  dynamo-electric  machinery,  oil  is 
chiefly  used  in  connection  with  stationary  transformers  and  for  Im- 
pr^oating  wood  and  fibrous  materials  generally.  All  mineral  and 
v^etable  oils,  when  pure,  are  good  insulators,  and  the  wide  differences 
in  the  insulating  qualities  of  the  various  mineral  oils  is  due  to  the 
impurities  <x)ntained :  these  may  include  acid,  alkali,  water,  etc.  For 
ipr^nating  purposes  linseed  oil  is  the  most  suitable,  on  account  of  its 
penetrating  qualities  and  its  property  of  expanding  on  drying,  thus  filling 
up  the  pores  and  preventing  the  subsequent  re-entrance  of  moisture. 

A  mineral  oil  is  generally  employed  in  transformers.  Resin  and 
Unseed  oil  were  at  one  time  used,  but  have  been  discarded  owing  to 
trouble  from  carbonaceous  deposits  which  take  place  when  large 
quantities  are  subjected  to  a  temperature  of  between  60*  and  70*  C 
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Frc.  39. — Decrease  in  dielectric  strength  of  mineral  oil 
doe  to  preserce  of  water. 

Mineral  oil  for  transformer  work  should  be  obtained  from  the  distillation 
of  petroleum,  and  have  a  flash-point  of  not  less  than  iSo°  C.  The 
oil  must  be  free  from  moisture,  sulphur  compounds,  and  all  traces  of 
acid  or  alkali ;  and  should  not  show  an  evaporation  of  more  than 
0.2  per  cent,  when  heated  to  roo°  C.  for  about  ten  hours.  Before  use, 
the  oil  should  be  slowly  raised  to  a  temperature  of  about  r  20°  C,  so 
as  to  drive  ofl*  moisture  and  the  light  volatile  oils,  the  latter  of  which 
are  always  present  and  are  inferior  to  the  heavier  mineral  oils  in 
insulating  properties.  The  curve  in  Figure  29  •  shows  the  serious 
effect  of  small  percentages  of  water  upon  the  disruptive  strength  of 
mineral  oib,  the  addition  of  o.i  per  cent,  of  water  reducing  the 
^sruptive  voltage  to  less  than  one-tenth  its  value  when  dry.  The 
*  Turnei  u>d  Hobut,  InsulatioH  of  Mathines,  p.  154. 
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cause  of  this  enonnous  decrease  in  dielectric  strength  is  probably  due 
to  the  particles  of  water,  which  have  a  much  higher  specific  inductive 
capacity  than  the  oil  itself,  arranging  themselves  in  the  plane  of 
highest  potential  stress  and  thereby  causing  rupture. 

Varnishes. — All  fibrous  insulating  materials  used  in  the  constiuc- 
tion  of  electrical  machinery  should  be  impregnated  with  an  insulating 
varnish  or  compound,  the  function  of  which  is  to  fill  up  the  interstices 
and  cover  the  suriace  with  a  skin  of  highly  insulating  material.  Such 
treatment  should  have  a  twofold  effect:  first,  increase  considerably 
the  dielectric  strength ;  and  secondly,  after  the  material  has  been  once 
dried,  prevent  the  re-entranoe  of  moisture  into  the  dielectric  and 
thereby  maintain  the  constancy  of  the  insulation  resistance.  An 
ideal  varnish,  besides  being  a  good  insulator,  should  possess  the 
following  properties: — (i)  Be  quick  drying,  non-hj^;roscopic,  and 
unaffected  by  oils,  acids,  etc;  (3)  have  a  melting-point  of  at  least 
300°  C,  and  be  a  good  conductor  of  heat;  (3)  have  considerable 
elasticity  aud  strength,  not  tending  to  become  powdered  when 
subjected  to  the  combined  effects  of  heat  and  long-continued 
vibrations ;  (4)  constant  dielectric  strength  over  a  wide  range  of 
temperature  variation ;  and  (5)  be  chemically  stable  and  free  from 
acids  likely  to  attack  copper  and  form  cupric  salts,  which  latter 
impr^:nate  cotton  fabrics  and  destroy  their  insulation.  It  may  not 
be  possible  to  obtain  all  these  embodied  in  one  varnish,  but  the  above 
are  the  properties  to  be  sought  after. 

At  one  time  shellac  varnish — ue.  gum  lac  dissolved  in  alcohol — 
was  widely  employed  in  the  insulating  of  armature  and  field  coils. 
It,  however,  becomes  brittle  through  the  influences  of  heat,  age,  and 
ordinary  service,  and  is  therefore  unsuited  for  general  use. 

The  varnishes  generally  used  for  impregnating  purposes  are  those 
composed  mainly  of  concentrated  linseed  oil  with  a  small  percent^e 
of  other  ingredients  such  as  turpentine  and  resin.  Linseed  oil  com- 
pounds have  an  exceedingly  high  and  uniform  dielectric  strength  and, 
like  linseed  oil  itself,  expand  on  d^-ing,  which  is  of  advantage .  in 
closely  filling  up  the  interstices  of  the  fabric  or  paper.  After  applying 
the  varnish  the  latter  should  be  baked  in  an  oven  at  from  70°  to 
80°  C,  and  air  admitted  at  regular  intervals.  This  is  necessary  in 
order  to  oxidise  the  varnish  to  a  hard  dry  surface.  When  baked  in  a 
vacuum  oven,  linseed  oil  remains  soft  and  sticky,  hence  the  admission 
of  air  is  essential.  Theoretically  linseed  oil  varnishes  are  objectionable 
in  that  they  contain  acids  which  act  chemically  on  the  copper  of  the 
windings,  producing  a  layer  of  green  corrosion  over  the  surface  of  the 
copper.  In  practice,  however,  very  little  (rouble  is  eitperienced  from 
this  source,  provided  the  insulation  is  thoroughly  baked  before  applica- 
tion of  the  varnish.  Another  objection  to  varnishes  containing  linseed 
oil  is  that  the  latter  is  dissolved  by  lubricating  oil  and  compounds 
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formed  which  have  a  deleterious  effect  upon  the  material  impregnated. 
Special  precautions  must  therefore  be  taken  to  prevent  lubricating  oils 
from  reaching  insulation  impr^nated  with  linseed  oil  varnishes. 

Annalac  is  another  varnish  sometimes  used  for  impregnating  fibrous 
dielectrics.  It  consists  of  black  paraffin  wax  dissolved  in  petroleum 
naphtha,  and  as  it  is  entirely  free  from  resin  acids  the  possibility  of 
the  formation  of  salts  of  copper  is  excluded.  Armalac  has  a  melting- 
point  exceeding  300'  C.,  and  though  drying  rapidly  remains  per- 
manently plastic  under  the  influence  of  heat.  This  latter  property  is 
a  distinct  advantage,  in  view  of  the  expansion  of  armature  and  field 
qmIs  as  they  heat,  and  thetr  subsequent  contraction  when  the  loads 
are  removed.  Another  advantage  claimed  for  armalac  is  that  it  is 
unaffected  by  lubricating  oils.  The  test  results  set  forth  in  Table  V. 
show  the  effect  of  the  various  varnishes  upon  the  dielectric  strength  of 
fuUerboard  and  red-rope  paper. 
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Varnishes  upon  Dielectric  Strbnuth," 


1 

0.25  mm.  Red-rope  Paper. 

j    As  received. 

After  drying. 

As  received. 

After  drying. 

ShelUc     .        .  1         a7i8 
Annalac   .         .            2S80 
SterliDg  varnish             393$ 
Slaodard  varnish            4110 

4670 
S<=9o 

S4ao 

6240 
3660 

•495 

ISSS 
a'55 

1340 

1780 
1670 
3060 

127s 

Tests  on  Insulating  materials. — It  is  well  known  that  when 
most  insulating  materials  are  subjected  to  prolonged  heating  at  high 
temperatures  their  dielectric  and  mechanical  strength  is  permanently 
weakened.  With  a  view  to  determining  the  temperature  limits 
consistent  with  the  safe  working  of  electrical  machinery,  a  number 
of  investigations  were  made — at  the  request  of  the  Electrical  Plant 
Committee  of  the  Engineering  Standards  Committee^regarding  the 
effect  of  heat  on  the  electrical  and  mechanical  properties  of  such 
insulating  materials  as  are  usually  em^^oyed  in  electrical  machinery, 
more  especially  in  the  construction  of  low- voltage  armatures  and 
transformers.  A  number  of  specimens  of  various  insulating  materials 
were  for  a  period  of  nine  months  kept  in  electrically  heated  ovens 
maintained  at  the  temperatures  75°,  and  100°,  and  [^5°  C. 
■  G.  H.  Fletcher,  Elnliician  (1909},  vol.  Ixiii.  p.  zai. 
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respectively.  The  alternating  pressure  required  to  rupture  these 
specimens  was  detennined  both  in  the  case  of  the  specimens  heated 
to  the  dilTerent  temperatures,  and  also  in  the  case  of  a  similar  specimen 
which  was  not  healed  at  all.  As  the  results  of  the  investigations 
form  an  important  contribution  to  the  literature  on  this  subject,  (he 
results  of  some  of  the  tests  are  reproduced  in  Table  VI.  The 
disruptive  tests  were  carried  out  whenever  possible  on  specimens 
which  were  placed  between  circular  electrodes  5  square  centimetres 
area,  the  upper  one  being  loaded  with  a  total  pressure  of  2  kilogrammes. 
In  the  case  of  tapes,  etc.,  two  rods  6.3  millimetres  diameter  were 
used  with  hemispherical  ends,  the  pressure  being  35  grammes.  The 
voltf^e  supply  gave  a  sinusoidal  E.M.F.  of  50  periods. 

The  results  of  these  tests  show  that  most  insulating  materials 
improve  when  heated  up  to  75'  C,  do  not  seriously  deteriorate  by 
further  heating  to  100°  C. — in  some  cases  they  actually  improve,  but 
show  a  rapid  deterioration  on  heating  to  125"  C  The  initial  improve- 
ment in  dielectric  strength  is,  of  course,  due  to  the  expulsion  of  the 
enclosed  moisture.  The  tests  also  showed  that  prolonged  heating  even 
at  75°  C.  acts  more  or  less  injuriously  on  the  mechanical  properties 
of  press-spahn  and  oiled  fabrics.  At  100°  C.  these  materials  showed 
signs  of  deterioration  after  a  few  months,  and  perished  on  further 
heating.  At  125°  C.  most  of  the  specimens  were  much  discoloured 
and  deteriorated  after  a  comparatively  short  time,  the  only  material 
remaining  in  a  fair  condition  at  the  end  of  nine  months  being  micanite ; 
but  even  this  had  suffered  to  some  extent,  due  to  the  charring  of  the 
shellac  adhesive  used  in  its  preparation. 

Energv  Loss  in  Insulating  Materials 

When  testing  the  dielectric  strength  of  insulating  materials  by  means 
of  an  alternating  E.M.F.,  heat  is  always  developed  in  these  materials, 
and  is  especially  noticeable  when  the  test  is  long  continued  at  a  point 
approximating  to  the  breakdown  voltage  of  the  material.  ^Vhen  the 
amount  of  dielectric  under  lest  is  lai^e,  ordinary  indicating  instruments 
will  show  that  there  is  an  actual  loss  of  energy.  The  fact  that  energy 
loss  exists  under  such  conditions  was  first  mentioned  in  1864  by 
Werner  Siemens,  who  pointed  out  that  the  glass  wall  of  a  Leyden  jar 
became  heated  by  repeated  charging  and  discharging.  As  to  the 
cause  of  the  loss,  there  are  essentially  two  theories.  One  claims  that 
the  loss  is  due  to  the  presence  of  some  conducting  phenomena — 
perhaps  of  an  electrolytic  kind — or  a  kind  Of  loss  taking  place  in  a 
resistance.  The  other  theory,  due  originally  to  Steinmelz,  attributes 
the  loss,  or  at  least  a  portion  of  it,  to  a  sort  of  molecular  friction  by 
which  the  electric  displacement  would  be  caused  to  li^  behind  the 
intensity  of  a  given  electric  field.     According  to  the  second  theory — 
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Mateikl. 

Thickness    i  Temperature 
MillimelTes.  1          C. 

D^.^'^^e 
Vollage. 

Vohs  per 
Millimetre. 

Prtss-spahn  . 

a2S 

Moimal 
75 

125 

a843 
2640 

2778 
2888 

II,4D0 
10,560 

9,100 
8,900 

a6 

Nonnal 
75 
115 

5497 
5403 
5rfo 
53*8 

ass 

Normal 
75 
IIS 

7696 
6243 

1& 

31,000 
17,800 
19.400 
21,700 

Manilla  paper 

0.30 

Normal 

75 

"5 

184; 

1613 

6,150 

6,000 
5.370 

HanUk  (wpei  Tainisbed 

0-3S5 

Normal 
75 

3*70 
4800 

9,200 
13. 500 
14,200 

22,70Q 

Mica  linen     .        . 

0.23 

Normal 
75 
125 

Nonnal 
75 
100 
"5 

lilt 

12,300 
14,700 
<  5.700 
14,300 

Micapapo   .        .         . 

0.12s 

3°1 
11:; 

19,300 

28|ooo 

22,700 

28.750 
29,100 

33,100 
25.600 

Oiled  linen    . 

- 

Normal 

75 

125 

5750 

5124 

Vwnwhed  canvas  . 

°- 

Nornul 
75 

I2S 

Normal 
75 

I3S 

'SI 

17,500 
14,660 
7,550 
4,000 

DjTUnio  lape 

0.18 

760 

4,Z20 

3.940 
5,000 

|Saprti«dyn«»otape. 

0,11 

Normal 
75 

I3S 

48s 

Perished 

4,» 

4.400 

1  Google 


48  ALTERNATING  CURRENT  MACHINERY 

in  all  probability  the  more  likely  one — the  loss  would  appear  as  a  perfect 
analogue  to  that  occurring  in  magnetic  materials  by  magnetic  hysteresis, 
and  is  therefore  often  referred  to  as  the  loss  due  to  dielectric  hysteresit. 

A  determination  of  the  laws  which  govern  the  loss  in  dielectrics 
when  subjected  to  alternating  electric  fields  turns  principally  upon  ihe 
dependence  of  the  loss  on  the  voltage  or  the  intensity  of  the  electric  field, 
and  on  the  frequency.  The  results  of  the  various  investigations  differ 
considerably,  especially  as  regards  the  influence  of  the  intensity  of  the 
field.  As  to  the  way  in  which  the  loss  depends  upon  the  voltage,  several 
authors  obtain  the  result  that  with  a  low  field  intensity  the  loss  is 
approximately  proportional  to  the  square  of  the  voltage,  whilst  with 
strong  fields  it  increases  more  rapidly  than  the  square  of  the  voltage. 
The  numbers  1.5  and  3  may  be  mentioned  as  extreme  values  of  the 
voltage  exponent,  but  numerous  figures  between  these  values  are  to  be 
found.  Further,  the  results  of  some  experiments  made  within  the  last 
few  years  seem  to  indicate  that  the  loss  cannot  be  expressed  as  pro- 
portional to  a  power  of  the  voltage  with  a  constant  exponent  at  alL 
Amid  all  these  contradictory  results  it  will  therefore  be  apparent  that 
it  is  exceedingly  difficult  to  form  any  conclusive  opinions  as  to  the 
relation  between  the  energy  loss  in  dielectrics  and  the  intensity  of  the 
electric  field. 

The  most  recent  contribution  to  this  subject  has  been  made  by 
Dr.  Bnmo  Monasch,*  who  found  that  in  all  the  dielectrics  tested — 
these  included  various  kinds  of  glass,  ebonite,  press-spahn,  mica,  and 
impregnated  jute — the  square  law  is  obeyed  with  perfect  accuracy  so 
long  as  the  voltage  alone  is  varied.  Apparent  digressions  from  tKe 
square  law  result  as  soon  as  another  quantity  by  which  the  loss  is 
influenced— for  instance,  the  temperature — is  varied.  In  the  dielectrics 
glass  and  ebonite  tested  in  this  respect  the  loss  increases  appreciably 
even  with  a  small  rise  of  temperature,  whereas  dielectric  loss  in  rubber 
is  influenced  but  slightly  with  change  of  temperature. 

Although  there  is  considerable  doubt  as  to  how  this  energy  loss 
varies  with  the  voltage,  there  seems  to  be  a  pretty  general  agreement 
that  the  loss  is  proportional  to  the  capacity,  and  may  be  considered 
as  proportional  to  the  frequency  through  the  range  of  frequency  used 
for  power  and  lighting  purposes.  The  enei^  loss  in  a  dielectric  can 
therefore  be  expressed  by  the  formula 

W-A.  E".  C- 
where  E  =  R.M.S.  value  of  the  voltage, 

jr  =  exponent  having  a  value  approximately  i. 
C  =  capacity. 

A  =  coefficient   which  depends  upon  the  quality  and  tem- 
perature of  the  dielectric 

•  Eleclndaa  (1907),  vol.  lijt.  p.  506, 
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The  influence  of  frequency  on  the  dielectric  loss  can  be  observed 
from  the  curves  in  Figure  30,  Vfhich  give  the  results  obtained  from  a 
single  sample  of  material  when  tested  at  25,  60,  and  133  cycles  per 
second.  It  will  be  noted  from  these  curves  that  the  rate  of  variation 
of  the  dielectric  loss  for  this  particular  set  of  tests  is  approximately  in 
proportion  to  the  frequency.  The  very  fact  of  there  being  an  increase 
of  the  loss  due  to  frequency  shows  that  energy  is  absorbed  in  taking 
the  dielectric  through  its  cycle  of  electrification. 

The  curves  of  the  latter  figure  abo  show  that  there  is  a  large  in- 
crease in  the  ene^  loss  of  a  dielectric  due  to  increase  of  tempera- 
ture, the  loss  increasing  very  rapidly  indeed  when  the  charring 
temperature  of  the  material  is  approached.  Since  the  energy  loss 
varies  approximately  as  the  square  of  the  voltage  when  the  temperature 
is  maintained  constant,  it  follows  therefore  that  under  the  usual  con- 
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Fic.  30. — Variation  of  Dielectric  loss  due  to  temperature  and 

frequency.     Stiesa  =  290O  volts  per  mm. 

dldons  of  high  potential  stress  it  will  increase  more  rapidly  than  the 
square  of  the  voltage,  because  the  temperature  increases  at  the  same 
time.  The  rate  of  this  increase  will  depend  on  the  facility  with  which 
the  material  can  get  rid  of  its  heat,  and  also  upon  the  initial  temperature 
of  the  material  and  the  temperature  of  the  surrounding  medium.  As 
the  stress  is  increased,  a  point  is  finally  reached  where  the  rate  of 
generation  of  heat  exceeds  the  rate  of  cooling,  and  temperature  then 
rises  until  the  insulation  chars  and  breakdown  results.  The  final 
breakdown  in  fibrous  materials  usually  results  from  the  charring  of 
the  material  and  not  from  mechanical  rupture,  unless  the  testing 
voltage  is  much  above  the  material's  disruptive  strength,  when  the 
rupture  is  insUntaneous.  There  may  be  some  attendant  chemical 
acdon,  but  this  is  probably  the  result  and  not  the  cause  of  the 
excessive  heating. 
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I^re  31  *  gives  some  interesting  curves  of  rise  in  temperature  in 
insulting  materials  when  subjected  to  high  potential  stress.  These 
curves  are  plotted  Irom  the  results  of  tests  on  a  sample  of  untreated 
material  which  was  quite  porous  and  capable  of  absorbing  moisture 
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Fig.  31. — Increaie  of  tempetature  due  to  dielectric  los. 

from  the  air.  During  the  test  the  material  was  well  ventilated,  so  that 
any  moistuie  could  be  quickly  dissipated.  Curve  A  shows  the  effect 
of  moisture :  the  temperature  rose  very  rapidly,  reaching  a  maximum, 
then  fell,  and  at  last  became  sutionary,  thus  indicating  the  improve- 
ment in  insulation  and  consequent  fall  of  temperature  due  to  drying. 
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Fig.  33. — Breakdown  caused  by  lise  of  tempeiature  due  to 
dielectric  loss.     Applied  pressure,  3700  volts. 

Curve  B  shows  the  effect  on  the  same  material  after  thorough  drying, 
while  curve  C  shows  the  increased  temperature  due  to  a  slight  increase 
in  the  voltage.  The  curve  in  Figure  32  *  shows  the  rise  in  temperature 
*  From  a  piRer  by  C.  E.  Skinner,  Jsurn.  Amtr.  Imt.  ef  MUit,  Stig^ttm 
(1903),  vol  zix- 
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of  treated  material  when  poorly  ventilated,  the  test  being  continued 
nntil  breakdown  occurs.  The  temperature  of  the  surrounding  air  in 
thb  test  was  kept  at  80°  C  The  curve  shows  the  tendency  of  the 
temperature  to  become  constant,  but  at  a  point  over  100°  C.  the  loss 
becomes  so  great  that  the  heat  cannot  be  dissipated  as  fast  as  it  is 
generated,  hence  the  change  in  the  direction  of  the  curve  and  the 
consequent  breakdown.  In  numerous  tests  performed  by  Skinner, 
the  material  was  found  to  be  badly  charred  on  the  interior  without 
breakdown  having  resulted.  This  is  of  extreme  practical  importance, 
because  it  shows  that  a  long-continued  test  at  high  stress  may  seriously 
injure  the  insulation  of  a  machine  without  this  being  made  apparent  by 
tke  test.     For  want  of  a  better  term  this  Is  generally  refeired  to  as 
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"straining   the  insulation,"    the   idea    being   that   it  is   !n  some    way 
analc^ous  to  the  straining  of  a  piece  of  metal  beyond  its  elastic  limit. 

Skinner  has  experimentally  determined  the  enei^  loss  in  the 
armature  insulation  of  the  5000  K.W.,  3-pbase  star-connected,  11,000 
»olt  alternators  built  by  the  Westinghouse  Company,  and  installed  in 
the  Manhattan  (U.S.A.)  Railway  Company's  power  house.  The  tests 
were  made  on  two  of  these  machines  after  installation,  and  the  results 
are  plotted  in  the  curves  A  and  B  of  Figure  33,  the  two  curves 
relating  to  the  results  on  two  difTerent  machines.  For  curve  A  the 
temperature  was  approximately  21°,  and  jr*  C.  for  curve  B.  The 
■moant  of  insuladng  material  under  stress  in  these  tests  was  approxim- 
ately 320,000  cubic  ceotimetres,  this  giving  a  maximum  loss  of  .019 
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watts  per  cubic  centimetre  at  34,000  volts.  For  a  normal  stress  of 
6400  volts  between  the  windings  and  earth  the  measured  loss  was  less 
than  500  watts  total  for  the  machine,  which  is  entirely  negligible  both 
as  regard  its  effect  on  the  efficiency  of  the  machine  and  on  the  rise  in 
temperature.  On  the  other  hand,  it  will  be  seen  that  the  loss  at  a 
stress  of  34,000  volts  is  a  very  measurable  quantity,  and  the  form  of 
the  curve  indicates  that  at  a  point  not  far  above  34,000  volts  the  loss 
would  be  sufiicient  to  cause  heatii^  and  possible  damage  to  the 
insulation  if  the  stress  were  applied  for  any  considerable  time. 


Insulation  of  Transformer  Wikdings 

The  insulation   of  a  transformer  consists  of  two  parts:  (i)  the 
"  external    insulation,"    which    protects    the    high-  and    low-tension 


windings  from  each  other  and  earth ;  and  (s)  the  "  internal  insulation," 
which  forms  the  dielectric  between  adjacent  turns. 

External  Insulation.— With  transformers  of  the  core  type  the 
windings  are  generally  arranged  in  concentric  cylinders  with  the  low- 
tension  (L.T.)  nearest  the  core,  the  scheme  of  insulation  being  some- 
what as  shown  in  Figures  34  and  35.  The  low-tension  conductor, 
usually  of  laminated  rectangular  section  and  covered  with  braided  cotton 
or  tape  to  a  thickness  of  about  0.3  mm.,  is  wound  over  a  cylinder  of 
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either  ^ess-spahn  or  manilla  paper,  the  cylinder  having  a  thickness  of 
from  4  to  7  mm.  lo  the  case  of  the  high-tension  (H.T.)  winding  the 
voltage  per  layer  will  be  comparatively  high,  and  the  arrangement  of  the 
w'mdings  should  be  such  that  the  maximum  voltage  between  adjacent 
conductors  in  neighbouring  layers  does  not  exceed  about  loo  volts. 
The  H.T.  winding  of  each  limb  is  therefore  subdivided  into  a  number 
of  coils  ranging  from  4  to  10,  according  to  the  voltage,  adjacent  coils 
being  separated  from  each  other  by  wood  distance  pieces  D  (Figure 
34),  or  mica  rings  M  {Figure  35).  The  H.T.  coils  can  be  insulated 
from  the  L.T.  winding  either  by  fibre  rods  or  by  a  cylinder  of  micanite 
slipped  on  over  the  inside  winding.  For  voltages  above  4000  the 
latter  method  is  better,  but  for  lower  voltages  distance  pieces  are  quite 
sufficient,  and  from  the  heating  point  of  view  are  preferable,  as  they 
leave  channels  between  the  two  windings  for  the  circulation  of  the 
cooling  medium.     The  windings  are  shown  separated  from  the  yoke 


Fio.  36. — Transfonnei  insulation. 

by  teak  fiai^es  about  30  mm.  in  thickness,  and,  in  order  to  increase 
the  leakage  surface  between  the  H.T.  coils  and  the  iron,  stepped  rings 
of  mica  are  sometimes  inserted  between  the  end-coils  and  the  wood 
flanges,  as  is  shown  in  Figure  35. 

When  the  L.T.  and  H.T.  windings  are  each  subdivided  into  a 
number  of  flat  coils  and  interleaved  with  each  other,  as  in  Figure  36, 
the  high-tension  coils  would  generally  be  wound  on  suitably  shaped 
formers  of  press-spahn  or  manilla  paper,  whilst  the  low-tension  coils 
would  simply  be  wrapped  over  with  two  or  three  layers  of  tape,  When 
completed  the  individual  coils  are  slipped  over  a  cylinder  of  micanite 
or  press-spahn,  the  top  and  lower  coils  of  the  L.T.  winding  being 
separated  from  the  yoke  by  insulating  rings. 

The  scheme  of  insulation  for  a  shell  type  transformer  is  shown  in 
Figure  37,  where  the  H.T.  winding  is  subdivided  into  4  flat  coils  and 
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alternated  with  3  L.T,  coils.  The  insulation  between  adjacent  coils 
consists  of  LJ-shaped  pieces  of  mica  or  press-spahn  inserted  at  the 
comeis  of  the  coils.  When  the  coils  have  been  assembled  they  are 
enveloped  with  press-spahn,  oiled  linen,  or  micanite,  so  that  ultimately 
the  H.T.  and  L~T.  winding  are  separated  from  the  iron  by  from  7  to 
20  mm.  thickness  of  insulation. 

Though  no  rigid  rules  can  be  laid  down  as  to  the  exact  thickness 
of  dielectric  required  for  the  external  insulation — this  being  generally 
settled  from  actual  experience  with  a  particular  type  and  method  of 
construction — the  data  given  in  Table  VII.  may  serve  as  a  general 
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guide.  A  study  of  the  insulation  details  of  the  transformer  designs  given 
at  the  end  of  Chapter  V,  will,  for  a  range  of  voltages  up  to  11,000, 
give  an  acquaintance  with  the  best  modern  practice. 


Dielectric. 

! 

VolUge  per  Fhase  of  H.T.  Winding. 

2000       4000 

6600 

M,000 

15,000 

30,000    30,000 

40,000 

Air 
1  Oil 
Micanile        . 

5     ..  '      7    „  ' 
4    .,     |4.S., 

5    » 

iSinm. 

13    .. 
7    „ 

9  mm. 

14  mm. 

Internal  Insulation, — The  insulation  of  the  low-tension  coils  is 
a  comparatively  simple  matter,  but  in  the  case  of  the  H.T.  winding 
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specut][»ecautions  must  be  taken.  The  nonnal  voltage  between  adjacent 
la]rcTs  should  be  reduced  to  such  a  limit  that  the  ordinary  cotton 
coverbg,  even  if  not  reinforced  by  other  insulation,  will  suffice  to  with- 
stand at  least  twice  the  working  pressure.  The  cotton  covering  on  the 
conductors  should,  however,  be  reinforced  by  inserting  sheets  of  press- 
spahn,  oiled  linen,  or  micanite  between  adjacent  layers,  the  thickness 
of  this  insulation  ranging  from  i  to  4  mm.  for  voltages  between  aooo 
and  40,000.  When  wound,  the  coils  should  be  thoroughly  dried  and 
im[v^nated  with  an  insulating  compound  or  varnish.  The  coils  are 
finally  lapped  over  with  several  layers  of  linen  or  tape,  and  again  baked 
and  varnished. 

Insulation  Breakdowns  caused  by  Concentration  of 
Potential. — An  important  factor  to  be  taken  into  account  in  the 
design  of  insulation  for  high-voltage  transformers,  is  the  concentration 


Fig.  38. 

of  potential  upon  the  outer  turns  of  the  winding  which  occurs  at  the 
instant  the  primary  is  connected  to  the  supply  circuit ;  for  if  the  end- 
turns  of  the  high-voltage  winding  are  not  specially  insulated,  rupture  of 
the  insulation  between  adjacent  turns  of  the  terminal  coils  may  result. 
The  nature  of  this  phenomenon  will  be  clear  from  Figure  38,  which 
represents  the  portion  of  a  high-tension  transformer  coil  connected  to 
the  line  terminal.  The  conductors  are  represented  by  circles,  and  the 
order  in  which  the  current  passes  through  the  turns  of  the  winding 
is  indicated  by  the  numbered  circles.  The  low-tension  winding  lies 
adjacent  to  the  high-tension,  and  the  small  condensers  a,  b,  r,  etc. 
indicate  the  electrostatic  capacity  of  the  corresponding  wires  to  the 
adjacent  low-tension  coils. 

Before  either  terminal  of  the  transformer  is  -connected  to  the  line, 
all  parts  of  the  high-tension  winding  will  be  at  zero  potential.  As  the 
line  switch  S  is  being  closed  there  is  no  change  in  the  potential  of  the 
tiansfonnei  winding  until  a  spark  passes  between  the  blade  and  con- 
tact of  the  switch.  Then  instantly  turn  i  of  the  winding  is  brought  up 
to  line  potential,  and  turns  2,  3,  4,  etc.  follow  it  rapidly,  but  no  turn 
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can  attain  its  full  potential  until  the  hypothetical  condenser  connected 
to  it  is  chatted.  For  instance,  turn  3  cannot  reach  its  full  potential 
above  earth  until  the  condenser  c  connecting  it  with  the  L.T.  windit^ 
is  fully  chained.  Now,  the  currents  to  charge  b,  c,  d,  e,  etc.  must  flow 
through  a  considerable  amount  of  inductance,  with  the  result  that  a 
short  interval  of  time  must  elapse  before  the  condensers  become  fiilly 
charged.  During  this  short  but  definite  period  the  full  potential  of 
the  line  is  concentrated  upon  the  first  half-dozen  turns  of  the  winding, 
and  if  the  insulation  of  the  winding  is  insufficient  this  momentary 
difference  of  potential  may  cause  a  spark  to  pass  over  the  surface  of 
the  coil,  or  through  the  insulation. 

Very  soon  after  the  closing  of  the  first  line  switch  the  whole  trans- 
former winding  will  have  assumed  the  potential  of  the  first  line  wire  ; 
hence  just  before  closing  the  second  line  switch  the  second  transformer 
terminal  is  at  the  potential  of  the  first  line.  As  the  second  switch  is 
closed  a  spark  passes,  and  the  potential  of  the  second  terminal  of  the 
transformer,  which  has  up  to  this  instant  been  at  the  potential  of  the 
first  line,  is  suddenly  changed  to  that  of  the  second  line^a  very  abrupt 
change.  Then,  as  before,  during  the  period  required  for  the  necessary 
charge  to  penetrate  to  the  inner  turns,  a  very  high  potential  difference  is 
impressed  on  the  outer  portion  of  the  coil.  The  momentary  strain  on  the 
insulation  of  the  coil  is  greater  when  the  second  switch  is  closed  than 
the  first,  for  the  first  transformer  terminal  experienced  an  abrupt  change 
only  from  earth  potential  to  line  potential,  while  the  second  was 
changed  from  the  potential  of  one  line  to  that  of  the  other  line,  which 
may  be  nearly  twice  the  potential  firom  earth. 

There  is  another  very  important  difference  between  the  effects  of 
closing  the  first  and  second  switches.  In  the  case  of  closing  the  first, 
if  the  momentary  strain  breaks  down  the  insulation,  only  suffident 
current  flows  through  this  break  to  charge  up  the  inner  layers  of  the 
transformer  coil.  This  is  a  very  small  quantity  and  can  do  comparat- 
ively little  injury  to  the  coil,  especially  if  it  be  oil-insulated.  In  the 
second  case  the  amount  of  current  passing  in  the  static  spark  is  not 
materially  greater  than  in  the  first  case.  But  when  the  insulation 
between  turns  is  momentarily  broken  down  by  this  small  spark  there 
flows  through  the  break  a  certain  amount  of  current  due  to  the  E.M.F. 
impressed  by  the  supply  upon  each  turn  of  the  coil.  Although  the 
static  spark  of  itself  would  be  but  momentary,  yet  the  current  supported 
by  the  normal  voltage  of  the  circuit  may  be  able  to  maintain  the  arc 
and  continue  indefinitely,  destroying  the  whole  coil  if  not  intenupted. 

With  high-voltage  induction  motors  this  concentration  of  potential 
may  occur  in  exactly  the  same  way  as  explained  above  for  a  transformer ; 
in  fact,  high-voltage  motors  are  particularly  subject  to  damage  from  this 
cause,  on  account  of  the  greater  difliiculty  in  insulaung  the  individual 
turns  from  each  other.    Transformers  are  much  easier  to  insulate,  and. 
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in  general,  it  is  not  necessary  to  take  any  special  precautions  in  switch- 
ing in  transformers  wound  for  voltages  not  exceeding  i  i.ooo.  The  rise 
of  voltage  between  the  various  lurns  of  a  terminal  coil  depends  upon  the 
suddenness  of  the  dischai^e  and  the  capacity  and  inductance  of  the 
windings.  It  should  be  noted  that  concentration  of  potential  has  no 
tendency  to  cause  a  breakdown  to  earth,  but  to  produce  short  circuits 
between  adjacent  turns  in  the  leiminal  coils,  and  this  is  one  of  the  most 
frequent  sources  of  trouble  in  very  high-voltage  machines.  To  diminish 
the  risk  of  lupture  under  such  conditions,  high-voltage  transformers 
must  have  their  end-turns  more  heavily  insulated  than  the  rest  of  the 
winding. 

Insulation  of  Stator  Windings  of  Generators  and  Motors 

When  spiral  coils  are  usdd  for  the  windings  of  alternating  cunent 
stators,  precautions  should  be  taken  to  ensure  that  the  voltage  between 
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Flc.  39,— Slot  insulation. 


adjacent  turns  is  reduced  to  a  minimum.  For  example,  suppose  that 
in  a  certain  3300-volt  alternator  each  stator  coil  has  to  be  wound  with 
8  turns  to  give  an  E.M.F.  of  160  volts — i.e.  20  volts  per  turn. 
In  winding  the  coils  two  different  arrangements  of  conductors  are 
possible.  These  are  shown  in  Figure  39,  the  numbers  assigned  to 
the  conductors  indicating  the  order  in  which  the  current  traverses 
the  coil.  With  the  first  arrangement  the  full  voltage  of  the  coil— j>. 
160  volts,  exists  between  the  two  top  conductors,  whereas  in  the  second 
arrangement  the  voltage  between  adjacent  conductors  never  exceeds 
one-quartei  the  voltage  per  coil. 

Arrangement  No.  z  will  therefore  be  the  more  suitable,  as  no 
insulation,  in  addition  to  the  cotton  covering,  will  be  required  between 
adjacent  conductors.  With  arrangement  No.  i  a  strip  of  pressspahn 
0.5  mm.  in  thickness  should  be  inserted  between  the  two  tiers  of 
conductors. 

After  winding,  all  coils  should  be  dried  in  a  vacuum  oven,  taped 
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over  with  several  l&yers  of  cotten  to  a  thickness  of  i  to  1.5  mm.,  and 
then,  after  further  drying,  thoroughly  impregnated  with  compound  or 
varnish.  To  minimise  the  risk  of  breakdown  caused  by  concentration  of 
potential  upon  the  end  turns  of  a  winding,  the  first  and  last  coils  must 
be  more  heavily  insulated  than  the  others.  The  conductors  of  these 
coils  should  therefore,  in  addition  to  the  ordinary  cotton  covering,  be 
wrapped  with  several  layers  of  special  tape  having  a  high  dielectric 
strength. 

Slot  Insulation 

In  low-pressure  windings  the  thickness  of  slot  insulation  required 
for  mechanical  considerations  always  gives  an  ample  maigin  of  safety, 
even  if  comparatively  poor  dielectrics  such  as  fibrous  materials  are 
used.  The  disruptive  strength  of  the  materials  is  relatively  of  second 
importance  compared  with  their  non-hygroscopic  and  mechanical 
features,  and  the  permanence  of  these  properties  under  all  conditions, 
such  as  dampness,  heating,  vibration,  etc,  likely  to  occur  in  practice. 
Horn  fibre,  leatheroid  press-spahn,  and  manila  paper  are,  on  accourit 
of  their  toughness,  the  materials  generally  selected  for  low-pressure 
slot  insulation.  Though  these  can  be  obtained  in  sheets  of  almost 
any  thickness,  it  is  better  to  use  two  or  more  layers  of  thin  material 
in  making  up  the  slot  lining  to  the  required  thickness,  as  greater 
flejdbility  can  then  be  obtained.  The  slot  lining  for  a  500-volt  gener- 
ator would  have  a  thickness  of  about  1.3  mm.  If  of  press-spahn  a 
sheet  of  this  thickness  would  have  a  disruptive  strength  of  about 
8000  volts  per  millimetre,  so  that,  for  a  working  pressure  of  500 
volts  this  gives  a  factor  of  safety  of  at  least  18.  For  pressures  less 
than  500  volts,  mechanical  considerations  demand  much  about  the 
same  thickness. 

The  difficulties  encountered  in  the  arrangement  of  insulation  for 
high-voltage  windings  are  entirely  electrical.  For  the  purpose  of 
reference  the  insulation  intervening  between  the  conductors  and  the 
core  will  be  considered  as  made  up  of  two  parts:  (i)  The  minor 
insulation,  represented  by  the  cotton  covering  round  the  wire,  the 
function  of  which  is  to  prevent  the  short-circuiting  of  adjacent  turns. 
Like  all  low-potential  insulations,  it  is  mainly  designed  to  meet 
the  structural  and  mechanical  requirements  without  undue  expense. 
(3)  The  major  insulation,  represented  by  the  slot  hning,  and  which 
must  have  a  sufficiently  high  dielectric  strength  to  withstand  con- 
tinuously the  strains  due  to  the  total  pressure  generated,  or  applied 
to,  the  circuits  of  the  armature.  The  dielectric  flux  starts  from  the 
Bur&ce  of  the  outer  conductors,  and  traverses  the  minor  and  major 
insulation  in  series,  stopping  at  the  surfaces  of  the  slot  Since  the 
sectional  area  determined  by  the  inner  zone  is  considerably  less  than 
that  determined  by  the  outer  zone,  it  follows  that  the  stress  to  which 
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the  insulations  are  subjected  will  be  greater  for  the  minor  than  for 
the  major  insulation.  Hence,  in  a  rational  design,  the  dielectric  next 
the  conductor  surfaces  should  be  of  the  higher  disruptive  strength, 
but  unfortunately  structural  requirements  generally  make  this  im- 
practicable. The  minor  insulation  is  invariably  porous,  and  may 
contain  air  and  other  gases  at  normal  atmospheric  pressure. 

The  relative  potential  gradients  in  the  major  and  minor  insulation 
will  be  examined  by  aid  of  Figure  40,  which  shows  diagram matically  a 
single  conductor,  the  minor  insulation  of  cotton  and  air,  the  adjoining 
slot  lining,  and  the  iron  core  of  the  machine.  The  core  is  assumed 
to  be  at  zero  potential,  and  the  ordinate  CC  represents  the  potential  of 
the  conductor  above  the  statoi  frame.  The  ordinate!  of  the  curve 
AffCwill  therefore  give  the  potential  at  any  point  in  the  dielectric. 
Tbe  maximum  potential  gradient  in  the  minor  insulation  will  be  at  C, 


next  the  surface  of  tbe  conductor — i.e.  the  curve  is  steepest  at  this 
point.  If  this  potential  gradient  exceeds  the  limit  for  air,  a  brush 
dischai^e  takes  place  from  the  copper  to  the  slot  lining,  and,  with  the 
nitrogen  from  the  atmosphere  and  moisture  from  the  air,  produces 
nitric  acid. 

This  add  will  combine  with  the  gypsum  in  the  cotton  and  copper 
of  the  conductor,  forming  sulphuric  acid  and  cupric  nitrate  respect- 
ively, the  presence  of  the  latter  being  indicated  by  a  green  deposit 
on  the  conductor.  This  action,  which  is  accelerated  by  dampness, 
has  frequently  been  the  cause  of  breakdown  in  the  insulation  of  the 
armature  coils  of  alternators  built  for  pressures  of  6000  volts  and 
upwards. 

Tbe  principal  considerations  upon  which  the  maximum  potential 
gradient  and  shape  of  the  curve  AB'C  depend  are :  the  potential 
difference  between  the  conductors  and  iron,  the  shape  of  the  con- 


6o  AL  TERN  A  TING  CURRENT  MA  CHINER  Y 

ductor — with  a  rectangular  conductor,  the  stress  will  be  largely  concen- 
trated at  the  edges, — thickness  of  minor  insulation,  and  thickness  and 
nature  of  the  material  with  which  the  slot  is  lined.  The  electric  stress 
for  each  layer  of  insulation  will  vary  inversely  as  the  specific  inductive 
capacity,  so  that  to  ensure  an  approximately  uniform  potential  gradient 
across  the  insulating  medium  separating  the  conductors  from  iron, 
the  centre  dielectric  space  should  be  occupied  with  materials  having 
the  same  specific  inductive  capacity  as  air.  Until  recently  the  invari- 
able practice  in  high-voltage  machines  was  to  build  the  tubes  forming 
the  major  insulation  entirely  of  micanite.  Now,  micanite  has  a  specific 
inductive  capacity  of  at  least  five  times  that  of  air  or  cotton,  so  that,  if 
the  insulating  tube  be  of  this  material,  a  very  abrupt  change  will  occur 
in  the  potential  slope  across  the  minor  insulation  compared  with  that 
across  the  mica  tube.  In  high-voltage  alternators  of  6000  volts  and 
upwards,  the  electric  stress  in  the  cotton  and  air  might  be  rendered 
sufficiently  high  to  produce  a  discharge  such  as  that  already  referred 
to.  Hence,  in  the  design  of  high-voltage  insulation,  the  chief  problem 
is  to  concentrate  the  stress  on  the  wall  AB  (Figure  40)— /.e.  to  raise 
the  point  B  so  as  to  relieve  the  minor  insulation  of  as  much  of  its 
stress  as  possible.  Within  certain  limits  this  can  be  done  by  using, 
instead  of  mica,  a  material  having  a  lower  specific  inductive  capacity. 
At  the  present  time,  however,  the  selection  of  such  materials  is  limited, 
owing  to  the  greater  thickness  that  must  be  employed  to  give  the 
requisite  factor  of  safety.  A  compromise,  however,  may  be  effected 
by  using  mica  and  press-spahn  sandwiched,  thereby  reducing  the 
total  capacity  of  the  dielectric  This  composite  insulation  has  been 
found  generally  satisfactory  for  h^h-voltage  work. 

A  press-spahn-mica  tube  a.5  mm.  thick,  consisting  of  seven  layers 
of  press-spahn  o.a  mm.  thick  and  six  layers  of  mica,  when  carefully 
prepared,  should  have  a  disruptive  strength  of  30,000  R.M.S.  volts. 
The  adhesive  qualities  of  the  linseed  oil  with  which  the  press-spahn 
is  impregnated  are  sufficient,  when  the  tube  is  warmed  up,  to  be 
depended  upon  for  cementing  adjacent  laminse. 

Solid  micanite  insulation  can  safely  be  used  for  windings  up  to, 
say,  4000  or  5000  volts.  Very  little  danger  need  be  feared  from 
discharge,  as  the  potential  gradient  in  the  minor  insulation  is  com- 
paratively small  even  when  micanite  is  used.  For  higher  voltages  a 
composite  tube  of  lower  capacity  is  preferable. 

There  are  other  two  methods  by  which  the  difficulty  may  be 
overcome,  one  of  which  is  fairly  self  evident,  namely,  to  impregnate 
the  coil  so  as  to  exclude  the  air  altogether.  The  second  method 
consists  in  placing  a  metallic  shield  between  the  major  and  minor 
insulations.  The  shield  must  be  electrically  connected  to  oait 
terminal  of  the  coil  which  it  protects,  and  should  be  built  up  with 
the  mica  tube  so  as  to  exclude  air  from  between  the  metal  and  mica. 
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It  would  require  to  be  constructed  of  thin  and  high  resistance  material, 
so  as  to  prevent  undue  eddy-current  loss. 

When  micanite  is  used  for  slot  insulation  a  certain  thickness  is 
necessai;  for  mechanical  strength  and  stiffness.  It  is  not  good 
practice  to  use  micanite  tubes  thinner  than  2  millimetres,  otherwise 
they  will  not  stand  the  mechanical  stresses  during  construction.  The 
factors  of  safety  at  the  lower  voltages  will  therefore  be  unnecessarily 
high.  Even  where  the  thickness  of  insulation  is  settled  purely  from 
considerations  of  disruptive  strength,  the  factor  of  safety  is  less  for 
h^h  voltages  than  for  low.  This  is  because  of  the  difficulties  which 
uise  from  the  excessive  space  of  the  active  belt  of  the  stator  taken 
up  by  irwulation  of  great  thickness.  The  thickness  of  slot  insulation 
required  for  mechanical  and  electrical  considerations  should  increase 
approximately  as  the  square  root  of  the  voltage;  and  the  foUowmg 
values  may  be  taken  as  representative  of  modem  practice : — 

Voltage  per  phase  (R.M.S.).                                      Thickness  of  Insulalion. 

1000 3,0  mm. 

zooo 2.5    „ 

4000 3-4    „ 

7000 4-a     .1 

"o,ooo 5.0    „ 

15,000 6-5    .1 

Insulation  Tests  on  Complete  Machines  and  Parts 

In  order  to  test  the  dielectric  strength  of  its  insulation,  a  machine 
01  transformer  before  it  leaves  the  factory  should  have  a  voltage, 
considerably  in  excess  of  the  normal  pressure,  applied  to  its  windings 
for  a  definite  period,  and  if  no  breakdown  takes  place  during  that 
time  the  insulation  may  be  r^rded  as  satisfactory.  The  dielectric 
strength  test  is  applied  to  the  insulation  between  the  windings  and 
core,  and  also  to  the  insulation  between  different  windings  if  there 
are  several  on  the  same  core.  The  test  should  be  applied  when  the 
windiiigs  are  warm,  say  immediately  after  a  full  load  run  of  several 
hours.  It  has  already  been  shown  that  if  the  insulation  be  subjected 
to  an  excessive  pressure  for  some  considerable  time  it  may  be  per- 
manently weakened,  and  for  this  reason  the  time  of  testing  is  usually 
limited  to  one  minute.  The  magnitude  of  the  testing  voltage  is 
settled  from  the  normal  working  vokage  of  the  winding  under  test. 
Sin(%  the  factor  of  safety  for  low-voltage  windings  is  much  higher 
than  that  to  which  it  is  possible  to  attain  with  high-volcage  windings, 
the  ratio  of  testing  voltage  to  working  voltage  should  obviously  be  less 
for  the  bi^er  voltages,  as  otherwise  there  m^ht  be  serious  danger  of 
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damaging  the  windings.    The  data  of  Table  VIII.  gives  the  usual 
values  of  the  testing  voltages  adopted  by  British  manufactureis. 


Table  VI II, —Insulation  Tests. 


PaitofMAchbe. 

Nonnml  Voltage. 

Testily  Voltage. 

(O^per  to  Iron). 

Up  to  ajo. 

3500 

MaCnetCoilt. 

Up  to  330. 
From  460-600. 

1800 
3aoo 

Stators  oi  generators  and  motors,  also 
iTansfonnen  (tested  from  phase  to_ 
phase,  copper  to  iron,  and  primai;' 

zc 

»S0 
Soo 
000 

000 

000 

000 

1.500 

2,000 

3.000 
5,000 
7,000 
9,000 
11,000 
13,000 
15,000 
17,000 

aslooo 
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CHAPTER  III 

TRANSFORMERS  —FUNDAMENTAL  PRINCIPLES  — CON- 
STRUCTION—MAGNETISING  CURRENT  — VECTOR  DIA- 
GRAMS AND  REGULATION 

The  alternating  current  transformer,  the  principle  of  which  is  illustrated 
in  Figuie  41,  consists  essentially  of  a  closed  magnetic  circuit  MM 
of  laminated  iron,  interlinked  nitb  which  are  two  electric  circuits  P 
and  S.  The  former,  knoffn  as  the  primary,  is  connected  to  a  source 
of  alternating  current,  whilst  the  secondary  S  has  its  terminals  con- 
nected to  a  load  of  motors,  lamps,  or  other  apparatus  to  be  supplied 
with  power.  When  a  cunent  flows  in  the  primary  an  altematit^ 
magnetic  flux  is  produced  nearly  all  of  which  is  confined  to  the  iron 
path,  and  this  becomes  linied  with  both  windings.  There  is,  however, 
a  small  percentage  of  the  primary  flux,  indicated  by  4^,  which  does 
not  link  itself  with  the  secondary.  This  constitutes  the  primary 
leakage ;  but  the  effect  of  this,  for  the  present,  will  be  neglected,  and 
the  assumption  made  that  the  entire  flux  set  up  by  the  primary 
magnetomotive  force  is  transmitted  without  loss  to  the  secondary. 
The  alternating  magnetic  flux  will  therefore  induce  in  the  secondary 
an  alternating  E.M.F.  of  the  same  frequency.  When  the  switch 
connectit^  the  winding  S  with  the  load  is  closed,  a  current  flows 
and  enei^  is  transmitted  from  one  electric  circuit  to  the  other 
through  the  medium  of  the  altematibg  magnetic  field  which  is  inter- 
linked with  both  windings. 

Fundamental  Principles 

E.M.F.  Equations  and  Transformation  Ratio.— When  the 

number  of  lines  of  force  linked  with  a  coil  is  varied,  the  E.M.F. 
induced  is  proportional  to  the  number  of  turns  in  series  and  the 
time  rate  of  change  of  the  flux.  If  T  denote  the  number  of  secondary 
tun>s  and  ^  the  magnetic  flux  at  any  instant  A  then  the  instantaneous 
value  of  the  secondary  induced  E.M.F.  is 

dt 

In  order  to  determine  the  value  of  e,  it  is  necessary  to  know  how  ^ 
varies  with  /. 
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The  magnetic  flux  linked  with  the  secondary  is  produced  by  the 
primary  current,  and  if — as  would  invariably  be  the  case  in  practice — 
it  be  assumed  that  the  iron  of  the  magnetic  circuit  is  worked  below 
saturation  and  that  hysteresis  is  negligible,  then  the  flux  ^  will  be 
proportional  to  the  primary  current  if.  If  it  be  further  assumed 
that  both  the  applied  E.M.F.  and  the  current  of  the  primary  vary 
according  to  the  simple  sine  law,  the  magnetic  flux  will  be  a  periodic 
sine  function  expressed  by  the  equation  (^ » 4  sin //,  where  4  denotes 
the  amplitude  value  of  the  flux. 

The  E.M.F.  induced  in  the  secondary  will  therefore  be 

e,  =  T,  — -j-L.  =/Tj*  cos  // 

=/Tj*   sin   (^^-90),   i.e.  it  lags    90   degrees 
behind  the  magnetic  flux  and  primary  current  magnetising  the  core. 

The  maximum  value  of  the  induced  electromotive  force  is 
E,„=/T,*  io-»  volts,  and  the  corresponding  effective  or  root  mean 
square  value 

E,  =  -4--T,.*.io-< 

'=4.44.T,.~.*  lo-s  volts (i) 

The  alternating  magnetic  flux  which  generates  the  E.M.F.  in  the 
secondary  also  links  itself  with  the  turns  of  the  primary.  Consequently, 
there  will  be  induced  in  the  latter  an  electromotive  force  which  by 
Lenz's  law  opposes  the  applied  E.M.F.,  and  is  therefore  known  as  the 
counter  e.m.f.  of  the  primary. 

The  value  of  the  latter  may  be  derived  by  the  same  reasoning  as 
has  been  applied  above,  and  is  expressed  by 

E^  =  4.44T^~*  io-»volts (j) 

where  T^  is  the  number  of  primary  turns. 

Equations  i  and  z  assume  that  the  same  flux  4  links  itself  with  both 
windings,  and  are  therefore  theoretically  only  applicable  to  transformers 
where  there  is  no  magnetic  leakage.  When  the  secondary  is  an  open 
circuit  and  the  primary  excited  from  a  constant  voltage  supply,  the 
transformer  acts  simply  as  a  choking  coil,  the  counter  e.m.f.  of  which 
is  approximately  equal  to  the  applied  pressure  E^,  The  actual  value 
to  which  the  former  adjusts  itself  is  such  that  the  current  taken  from 
the  supply  is  that  required  to  maintain  the  magnetic  flux  4  and  make 
up  for  the  iron  losses  (e.g.  hysteresis  and  eddy  currents)  corresponding 
to  this  flux.  In  transformers  of  modern  design  the  no-load  primary 
current  is  small,  ranging  from  0.5  to  5  per  cent,  of  that  at  full-load. 
The  primary  IR  drop  will  therefore  be  negligible,  and  the  ratio  of  the 
voltages  will  be  approximately  expressed  by 

Primary  voltage  ^ 4.44  .T^.-— .  »  lo"' _ T^ _ Primary  turns 
Secondary  voltage     4.44.  T,.~.*  lO"*    T,    Secondary  turns 

■ilc 
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The  ratio  of  the  number  of  turns  of  the  primary  to  the  nomber  of 
turns  of  the  secondary  is  called  the  ratio  of  transformation.  A  trans- 
former having  a  ratio  greater  than  unity  is  known  as  a  step-down 
transformer,  the  power  being  delivered  from  the  secondary  at  a  lower 
voltage  than  the  voltage  at  which  it  is  received.  When  the  ratio  of 
transformation  is  less  than  unity  the  transformer  is  called  a  step-up 
transformer.  The  latter  would  be  employed  chiefly  for  high-ten»on 
transmission  work  where  the  generator  pressure  is  limited. 

Effect  of  Secondary  Current.— Since  the  voltage  induced  in 
the  secondary  is  in  the  same  direction  as  the  counter  e.ro.f.  of  the 
primary,  the  secondary  arop^re-tums  will  magnetise  the  core  in  the 
opposite  direction  to  that  of  the  primary,  and  so  tend  to  diminish 
the  magnetic  flux.  Now,  if  the  secondary  terminal  E.M.F.  has  to 
remain  approximately  constant,  the  m^netic  flux  passing  through  the 
core  must  be  restored  to  its  original  amount.  Owing  to  the  self- 
regulatii^  properties  of  a  transformer,  such  will  always  be  the  case, 
for  any  weakening  of  the  main  field  by  the  secondary  current  would 
at  once  reduce  the  primary  counter  e.m.f.,  and  in  consequence  of 
this  the  applied  pressure  would  send  an  increased  current  through 
the  primary.  In  general,  when  any  change  occurs  in  the  load  on  the 
secondary,  the  primary  current  at  once  adjusts  Itself  so  that  the  excess 
of  primary  over  secondaiy  ampfere-tums  remains  nearly  constant  at  a 
value  just  sufficient  to  mtuntain  the  core  flux  at  its  normal  value  4. 

In  a  loaded  transformer  having  negligible  iron  losses  the  primary 
current  can  be  resolved  into  two  components:  (i)  a  magnetising 
component  wbidi  is  nearly  constant  at  all  loads,  and  (2)  a  load  com- 
ponent the  magnitude  of  which  is  such  that  the  ampfere-tums  due  to 
it  are  just  sufficient  to  neutralise  the  opposii^  amp^re-tums  of  the 
secondary.  Owing  to  the  adoption  of  a  closed  magnetic  circuit  in 
modem  transformers,  the  magnetising  ampere- turns  are  relatively 
small;  hence,  at  full-load  the  primary  amp^re-tums  are  approximately 
equal  to  the  secondary  amp^re-tums,  and  the  ratio  of  the  currents  may 
be  expressed  as  follows : — 

Primary  current  __  Secondary  turns  _T, 
Secondary  current      Primary  turns      T^ 
Now,  the  ratio  of  Tj  to  T^  is  also  expressed  by 
T,    Secondary  voltage 
T^      Primary  volt^e 
which  when  combined  with  the  former  gives  the  relation — 
Primary  current  x  primary  E.M.F. 

=  secondary  current  x  secondary  E.M.F. 
Hence,  if  a  transformer  be  considered  as  having  a  100  per  cent, 
efficiency,  the  power  input  to  the  primary  is  equal  to  the  power  output 
of  the  serandary.    This  being  the  case,  the  low-voltage  winding  will 
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cany  a  heavier  current  than  the  h^h-tension  winding,  the  ratio  of  the 
currents  being  the  inverse  of  the  transformation  latio. 

Magnetic  Leakagre- — Up  to  the  present  it  has  been  assumed 
that  the  transformer  has  no  magnetic  leakage,  so  that  the  same  flux 
becomes  linked  with  the  primary  and  secondary  windings.  This 
condition  is  not,  however,  realised  in  practice,  because  the  two 
windings  must  be  separately  wound  and  insulated  from  each  other, 
whereby  intervening  spaces  are  produced  which  admit  of  the  passage 
of  leakage  lines. 

A  transformer  having  magnetic  leakage  is  shown  diagram matically 
in  Figure  41.  Of  ihe  total  flux  generated  by  the  primary  ampfere- 
tums,  a  small  proportion,  represented  by  *^  becomes  linked  with  the 
primary  winding  alone.  These  lines  vary  in  phase  with  the  primary 
current  and  consequently  induce  an  E-M.F.  which  will  be  in  quadra- 
ture with  the  current,  i.e.  the  primary  leakage  flux  produces  the  same 


Fig.  41.— Principle  of  the  Transformer. 


effect  as  if  an  inductive  E.M.F.  were  inserted  between  the  transformer 
and  the  supply  mains. 

The  amp^re-tums  of  the  secondary  also  produce,  in  addition  to 
the  flux  which  directly  opposes  the  main  flux,  a  local  or  leakage 
flux  *,  around  the  secondary  turns.  This  flux,  in  passing  through 
the  core,  acts  in  opposition  to  that  portion  of  the  primary  flux  which 
becomes  linked  with  the  turns  of  the  secondary.  Strictly  speaking, 
these  fluxes  do  not  exist  separately,  but  a  resultant  flux,  due  to  the 
resultant  magneto-motive  force  of  the  primary  and  secondary  wind- 
ings. The  secondary  induced  E.M.F.  is  thereby  diminished  without 
the  counter  e.m.f.  of  the  primary  being  affected,  so  that  in  this  case  also 
the  result  is  similar  to  an  inductive  E.M.F.  in  series  with  the  winding. 

Magnetic  leakage  has  the  same  effect  as  that  which  would  be 
produced  by  connecting  two  choking  coils,  C^  and  C,  (Figure  42), 
in  series  with  the  primaiy  and  secondary  windings  of  a  transformer  T, 
devoid  of  leakage.     If  the  number  of  turns  on  the  chokii^  coils  be 
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the  same  as  that  on  the  coiresponding  transformer  windings,  then  the 
cofls  C,  and  C,  will  become  linked  with  *^  and  *,  lines  of  force 
respectively,  the  inductive  voltages  induced  in  the  primary  and 
secondary  being  expressed  by  the  equations 

i'/  =  4-44-T,.~*^x  IO-8 (t) 

and»,  =  4.44-T,.~*.xio» (4) 

When  the  secondary  is  on  open  circuit  the  primary  winding  receives 
the  magnetising  current  and  produces  an  alternating  magnetic  field, 
which,  owing  to  the  low  reluctance  of  the  iron  circuit  compared  with 
the  leakage  paths,  has  a  negligibly  small  leakage  component.  On 
connecting  the  secondary  to  its  load  the  primary  current  increases  so 
as  to  counteract  the  opposing  ampfere-tums  of  the  secondary,  which 
latter  are  equivalent  to  an  increase  in  the  reluctance  of  the  main 
magnetic  circuit.  As  the  reluctance  of  the  leakage  paths  remains 
constant,  the  magnitude  of  the  leakage  flux  will  therefore  increase  in 
proportion  to  the  primary  current.     Now,  for  a  given  applied  pressure 


the  total  primary  flux  is  practically  constant ;  hence  any  increase  in  the 
primary  leakage  is  accompanied  by  a  corresponding  decrease  in  the 
useful  fiux  4,  with  the  result  that  the  secondary  voltage  falls  below 
its  open-circuit  value.  The  leakage  flux  of  the  secondary  has  also 
a  p^  of  constant  reluctance.  Its  magnitude  will  therefore  increase 
with  the  load,  and  cause  a  further  drop  in  the  secondary  induced  E.M.F. 
With  a  constant  pressure  of  supply  the  secondary  terminal  voltage 
will,  for  an  inductive  load,  be  a  maximum  on  open  circuit  and  diminish 
as  the  current  output  from  the  secondary  increases.  This  drop  can 
be  resolved  into  two  components ;  (i)  the  IR  drop  due  to  the  ohmic 
resistance  of  the  windii^,  and  (3)  the  inductive  drop  caused  by 
magnetic  leakage.  For  normal  designs  the  drop  due  to  the  first 
cause  is,  as  a  rule,  considerably  less  than  that  due  to  the  induction 
of  the  winding.  As  close  regulation  is  one  of  the  most  important 
factors  to  be  taken  into  account  when  considering  the  relative  merits 
of  various  designs,  the  disposition  of  copper  and  iron  should  be  such 
that  leakage  u  reduced  to  the  minimum  consistent  with  initial  cost. 
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Construction  of  Transformers 

According  to  the  manner  in  which  their  electric  and  magnetic 
circuits  are  linked  together,  transformers  may  be  divided  into  two 
types:  (r)  cort  type,  and  (z)  shell  type.  Figure  41  represents  diagram- 
matically  a  transformer  of  the  former  type,  the  chief  characteristics  of 
which  are  that  the  greater  portion  of  the  iron  is  enveloped  by  the 
windings,  and  that  the  external  surfaces  of  the  coils  are  exposed  through- 
out With  the  shell  type  the  windings  are  partly  embedded  in  the 
iron  laminations  (Figure  st),  which  latter  surround  the  coils  like  a 
shell. 

Single-phase :  Core  Type. — Figure  43  illustrates  the  usual  form 
of  construction  for  small  transformers.    The  iron  laminations,  ranging 
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Flc.  43.— Core  type  Transfonner. 


in  thickness  from  0.35  to  0.5  mm.,  are  assembled  so  as  to  form 
two  upright  cores  C,  connected  by  the  yokes  Y,  the  two  cores  and 
lower  yoke  being  built  of  u-shaped  stampings  all  of  the  same  width. 
The  laminations  are  riveted  together  and  bolted  between  cast-iron 
clamping  plates,  all  rivets  and  bolts  passing  through  the  core  being 
insulated  from  it  with  paper  or  press-spahn  tubes.  This  latter  pro- 
cedure is  necessary  in  order  to  guard  against  the  short-circuiting  of 
neighbouring  plates.  The  top  yoke  is  laid  across  with  either  butt  or 
interleaved  joints  and  clamped  down  on  the  cores  by  vertical  bolts  B. 
In  the  case  of  transformers  rated  for  100  K.V.A,  or  more,  the  use  of 
U-shaped  stampings  would,  in  the  stamping  out,  entail  a  large  loss  of 
material  To  avoid  this  the  standard  practice  is  to  assemble  the 
laminations  in  four  blocks,  which  are  put  together  as  in  Figure  44. 
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Some    manufactUTers  wind  the  coils  on  drcular  bobbins,  and  in 
order  to  bring  the  copper  as  close  to  the  iron  as  possible  make  the 
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Via.  44. — Core  Tor  Ui^  Tnuuformer. 


cores  of  odagonal  cross-section  (Figure  45).    This  shape  is  obtained 
by  biukUr^  the  core  of  stampings  baring  various  widths.    The  yokes 


Fig,  45, — Core  type  TTansToiroer. 

ue  designed  with  a  rectangular  form  of  cross-section,  the  number  of 
\aiiunations  in  the  core  and  yoke  being  equal.  The  he^ht  of  the 
yAe  pieces  is  generally  selected  so  as  to  give  the  yokes  approximately 
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the  same  cross-secdooal  area  as  the  cores.  In  laige  transformers  the 
lamioatiODs  are  separated  at  intervals  with  distance  pieces  D,  which 
form   vertical    ventilating    ducts  (Figure  46).     These  ducts  greatly 


Fig.  46. 

facilitate  the  circulation  of  the  cooling  medium,  and  range  in  number 
from  one  to  five  according  to  the  size. 

Whenever  butt  joints  are  employed  it  is  advisable  to  interpose  thin 
sheets  of  insulating  material,  as  this  prevents  the  circulation  of  eddy 
currents  between  the  cores  and  their  yokes.     This  procedure,  however. 


Frc.  47.— Inlerleaveci  Joini  of  core  type  Transformer. 

introduces  a  short  air-gap  into  the  magnetic  circuit  and  so  increases 
the  magnitude  of  the  magnetising  current.  If  it  be  found  expedient 
to  reduce  the  reluctance  of  the  nuignetic  circuit  to  a  minimum,  the 
joints  are  then  effected  by  making  the  yoke  and  core  laminations 
overlap  alternately  at  the  comers,  as  in  Figure  47.  This  forms  an 
interkaved  or  imbricatid  joint,  and  the  reluctance  of  the  magnetic 
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circuit  will  then  be  about  as  low  as  would  be  the  case  if  the  laminations 
vefe  continuous.  After  making  the  joints  the  laminations  are  held 
logetfaer  at  the  comeis  by  insulated  bolts. 

When  repairs  are  necessary  an  iron  circuit  with  interleaved  joints 


4S. — Single  concentric  Winding. 


is  at  a  disadvantage,  in  that  the  dismantling  of  the  transformer  and 
the  subsequent  building  up  of  the  core  involves  much  more  labour 
than  would  be  necessary  if  the  joints  were  butted.  As  a  compromise 
between  joints  of  low  reluctance  and  a  construction  which  facilitates 


FlO.  49. — Double  concenlric  Windiog. 


repairs,  the  cores  are  in  some  instances  interleaved  with  the  yoke  at  the 
bottom,  and  butt  joints  made  between  the  top  yoke  and  the  cores. 

With  transformers  of  the  core  type  three  methods  of  winding, 
shown  in  Figures  48  to  50,  are  possible.  The  one  most  frequently 
adopted  is  that  of  Figure  48,  where  the  colls  are  wound  in  concentric 
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cylinders,  with  the  low-tensiwi  {L,T.)  nearest  the  core.  To  diminish 
the  risk  of  breakdown  between  adjacent  layers,  the  usual  practice  is 
to  subdivide  the  high-tension  (H.T.)  winding  into  from  four  to  ten 
short  coils,  adjacent  coils  being  separated  from  each  other  either  by 
distance  pieces  or  mica  rings.  In  the  double  concentric  cylindrical 
winding  (Figure  49)  one-half  of  the  L.T.  is  inside  and  the  other  half 
outside  the  H.T.  winding.  The  advantage  claimed  for  this  method 
over  the  former  is  that  the  leakage  flux  is  less,  but  owing  to  the 
diminished  copper  space  factor  and  increased  cost  of  manufacture  this 
method  of  winding  is  only  adopted  for  special  designs  where  a  very 
dose  regulation  is  required. 

For  the  third  arrangement  each  winding  is  wound  into  a  number 
of  flat  coils,  and  the  high-  and  low-tension  coUs  interleaved  as  in 
Figure  50.     This  arrangement  makes  the  insulation  of  the  H.T.  coils 
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Fig.  5a 

from  the  L.T.  more  difficult  than  in  the  case  of  cylindrical  windings,  and 
it  should  therefore  be  limited  to  voltages  not  exceeding  6600. 

Shell  Type  with  Rectangrular  Coils.— Figure  51  illustrates  the 
lines  upon  which  shell  type  transformers  are  generally  constructed. 
When  the  laminations  are  assembled  the  central  part  C  forms  the 
core  proper,  whilst  the  external  parts  E  form  the  shell.  The  core  part 
carries  the  total  flux  linked  with  the  windings,  whilst  each  shell  part 
carries  only  one-half  the  flux.  The  path  taken  by  the  latter  is  indi- 
cated in  Figure  51  by  the  chain-dotted  lines.  With  laige  transformers 
the  cores  and  yokes  are  built  up  of  rectangular  stampings  (Figure  51) 
and  interleaved  with  each  other.  The  cooling  medium  is  given  access 
to  the  inside  of  the  core  by  leaving  a  space  SS  in  the  central  part,  and, 
to  ensure  exact  alignment,  the  plates  are  sometimes  punched  with 
holes  for  threading  over  wooden  dowels.  The  magnetic  circuit  of 
small  transformers  may  also  be  built  up  on  these  lines,  but  the  usual 
practice  is  to  employ  E-shaped  stampings  (Figure  51)  in  which  the  core 
and  shell  parts  are  of  different  lengths.     Alternate  laminations  are 
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inserted  from  opposite  sides,  the  joints  in  each  plate  being  covered 
bj  the  solid  parts  of  adjacent  plates.     With  this  design  of  stamping 
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Fig.  51.— Shell  type  TransTonner. 

there  are  only  three  joints,  as  against  at  least  six  with  the  former  con- 
stniction. 

For  very  small  tran^ormers  of  5  K.V.A.  or  less  the  type  of  wind- 
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Flc.  52. —Core  for  Shell  Transformer. 

ing  shown  in  Figure  51  is  generally  adopted.  The  low-tension  coil 
is  wound  in  two  sections,  and  the  H.T.  inserted  between  them.  The 
latter,  together  with  the  two  L.T.  sections,  would  be  separately  insulated, 
and  previous  to  assembling  the  laminations  the  complete  winding 
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vould  be  wrapped  together  with  varnished  tape  or  linen.  In  all  trans- 
formers rated  above  5  K.V.A.  the  windings  are  made  up  into  a 
number  of  flat  coils,  generally  with  a  single  turn  per  layer,  the  H.T.  and 
L.T.  coils  being  interleaved  as  in  Figure  53.  Since  a  lai^e  portion  of 
the  windings  extends  beyond  the  core,  the  ends  of  the  outer  coils  can 
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Fin.  53. — Windings  of  shell  type  Transfonner. 


be  spread  apart  as  shown,  thus  giving  a  much  larger  cooling  surface 
than  would  be  obtained  with  the  coils  compactly  assembled. 

Comparison  of  Shell  and  Core  Type.  —  When  designed  to 
comply  with  the  same  specification  of  output,  frequency,  and  efficiency, 
h  will  generally  be  found  that,  as  regards  cost,  regulation,  and  heating, 
there  is  nothing  of  fundamental  importance  to  choose -between  the 
two  types.  With  very  few  exceptions  the  standard  practice  in  this 
country  is  to  adopt  the  core  type,  whereas  in  America  the  reverse  is 
the  case. 

The  chief  objection  to  the  core  type  is  its  long  magnetic  circuit 
and  proportionally  large  magnetising  current.  This  type  of  construc- 
tion has,  however,  two  distinct  advantages :  (i)  the  open  position  of  the 
coils  provides  better  cooling  faciUties,  and  (j)  the  coils  may  be  with- 
drawn for  repairs  without  dismantling  all  the  laminations,  as  would  be 
necessary  in  the  shell  type  transformers.  Shell  transformers,  owing  to 
the  short  magnetic  circuit,  take  a  very  small  magnetising  current  The 
mass  of  copper  required  is  also  considerably  less  than  for  a  core  trans- 
former of  ihc  same  output.  On  the  other  hand,  only  the  ends  of  the 
coils  are  accessible,  and  the  cooling  surface,  owing  to  the  greater 
portion  of  the  coils  being  embedded,  is  somewhat  restricted. 

Shell  Type   with    Cylindrical    Coils.— Figure  54  illustrates 
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aootbei  design  of  shell  transrormer  manufactured  by  the  British  Electric 
Transfoimei  Company.  The  coils  in  this  case  are  wound  in  concentric 
cylinders  and  surround  a  central  core  C  of  laminated  iron,  the 
magnetic  drcuit  being  comfdeted  through  another  set  of  bminations  S. 
The  stampings  are  assembled  in  from  12  to  24  sector-shaped  bundles 
vith  inteileaved  joints,  and  radially  arranged  so  as  to  fonn  ventilating 
ducts  spaced  unifoimly  over  the  whole  area  of  the  core.  The  low- 
tension  winding  is  in  two  parts,  in  between  which  is  placed  the  high- 
tension.  The  latter  consists  of  six  coils  insulated  from  the  L.T.  coils 
as  shown.    The  special  features  of  this  construction   over  the  usual 


Fig.  54.— Shell  type  Transformei  with  circalar  Coils. 

^ell  type  is  the  large  amount  of  iron  and  coil  surface  which  is 
exposed  to  the  cooling  medium. 

Three-phase  Transformer. — The  transformation  of  3-phase 
power  from  one  pressure  to  another  can  be  effected  either  with  three 
single-phase  transformers  having  their  windings  connected  in  star  or 
mesh  or  with  one  3-phase  transformer.  The  prevailing  practice  is 
to  limit  the  size  of  a  single  3-phase  unit  to  about  1000  K.V.A. 
With  outputs  greater  than  this,  three  single-phase  transformers  will,  as  a 
rule,  be  preferable  both  as  regards  initial  cost  and  transport  considera- 
tions. For  special  work  it  may  sometimes  be  necessary  to  use  a  3- 
phase  unit  for  outputs  greater  than  1000  K.V.A. ;  in  fact,  the  standard 
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continental  practice   is  to  employ  single  units  for  all  3-phase  work, 
and  they  have  been  built  for  sizes  as  large  as  6oao  K.V.A 

Three-phase  transformers  are,  fixim  manu&cturii^  considerations, 
nearly  always  of  the  core-type  construction,  and  are  built  with  three 
cores  united  by  common  yokes  (Figures  55  and  56).  Each  core  carries 
the  primary  and  secondary  windings  belonging  to  one  phase.  In 
Figure  55  the  yokes  are  in  the  form  of  laminated  iron  rings  Y,  Y, 
whilst  the  three  cores  of  octagonal  section  are  spaced  i  >o  d^rees  apart, 
the  yokes  being  pressed  against  the  cores  by  means  of  suitable  clamps. 
When  the  primary  wmdings  are  connected  to  a  j-phase  supply  the 


Fia.  55. — Cote  foi  3-phase  TiansToTmec. 

fluxes  in  the  three  cores  will  vary  according  to  the  same  taw  as  the 

respective  magnetising  cunents.  A  3-phase  magnetic  flux  will  therefore 
be  produced,  with  a  difference  of  120  degrees  between  the  flux  phase 
of  each  core.  Assuming  a  sine  wave  of  magnetising  current,  the  sum 
of  the  three  fluxes  will  at  any  instant  be  zero,  so  that  at  any  given 
instant  the  flux  of  one  core  will  have  its  return  fwth  through  the  other 
two.  The  principle  of  the  closed  magnetic  circuit  is  therefore  realised 
without  the  addition  of  extra  cores.  With  this  construction  it  will  be 
apparent  that  for  the  same  flux  density  the  yokes  will  have  — ;:-_  the 

crosB-sectional  area  of  the  cores. 

The  construction  of  magnetic  circuit  shown  in  Figure  55,  though 
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givii^  a  perfisct  symmetry  for  the  three  phases,  is  somewhat  expensive, 
and  Tor  commerdal  reasons  has  been  more  or  less  abandoned  in  favour 
of  the  airangement  shown  in  Figure  56.  This  may  be  considered  as 
the  standard  construction  for  3-phase  units.  The  three  cores  c,  c,  e, 
are  in  one  plane  and  joined  by  top  and  bottom  yokes  Y,  Y,  which  for 
equal  flux  densities  will  have  the  same  cross-sectional  area  as  the  cores. 
In  order  to  facilitate  repairs  the  usual  practice  is  to  have  butt  joints 
at  the  top  yoke  and  interleaved  joints  at  the  lower.  From  the 
magnetic  and  electrical  standpoint  this  arrangement  with  three  cores 
in  line  is  not  quite  symmetrical,  the  magnetic  circuit  of  the  centre 
core  being  somewhat  shorter  than  either  of  the  end  cores.  In 
consequence  of  this  it  will  generally  be  found  that  the  no-load  current 


~mM 


FlC.  56. — Core  foe  3-phase  TnuisTonner. 


taken  by  the  primary  of  the  middle  core  is  slightly  less  than  that  of  the 
other  two  phases.  This  small  dissymmetry  is,  however,  of  no  great 
practical  importance. 

Harthed  Shields. — Should  the  insulation  between  the  primary 
and  secondary  break  down,  a  leakage  current  would  pass  from  one 
winding  to  the  other,  and  the  low-tension  circuit  might  under  certain 
circumstances  be  raised  to  a  dangerously  high  potentiaL  To  prevent 
this  latter  possibility  it  is  often  specified  that  adjacent  primary  and 
secondary  coils  must  be  entirely  separated  by  an  earthed  shield.  The 
latter,  consisting  of  eit'her  a  thin  brass-sheet  or  a  layer  of  copper  gauze, 
is  embedded  in  the  insulation  and  connected  directly  to  earth.  Should 
the  insulation  between  the  two  windings  break  down,  contact  will  be 
made  between  the  high-  and  low-pressure  circuits,  not  directly,  but 
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through  the  medium  of  the  earthed  shield.  The  potential  of  the 
secondary  is  thus  prevented  from  rising  to  an  abnormally  high  value. 

One  disadvantage  of  earthed  shields  is  that  they  must,  of  necessity, 
weaken  the  insulation  between  the  windings  and  earth,  so  that  a 
breakdown  is  more  likely  to  take  place.  The  above  method  of  pro- 
tection also  does  not  prevent  a  leaki^  between  the  terminals  or  the 
leading-in  wires.  A  better  procedure  is  therefore  to  earth  some  point 
of  the  secondary  circuit,  so  that,  should  a  connection  take  place  at 
any  part  between  the  high-  and  low-tension  currents,  the  earth  con- 
nection of  the  latter  eliminates  any  danger  of  shock  which  is  likely 
to  prove  fatal.  In  order  that  the  potential  difference  between  the 
secondary  mains  and  earth  may  be  a  minimum,  the  earth  connection 
should  preferably  be  made  at  the  middle  point  of  the  winding  in  a 
single-phase,  and  the  neutral  point  of  a  star-connected  3-phase  trans- 
former. 

Mechanical  Stress  on  Coils. — In  layii^  out  the  windings  of 
a  transformer  so  as  to  ensure  the  best  disposition  of  insulation,  the 
question  of  mechanical  rigidity  must  also  be  considered.  Since  the 
magnetising  effect  of  the  secondary  current  opposes  that  of  the  primary, 
there  will  be  a  repulsive  force  proportional  to  the  square  of  the  currents 
between  the  two  windings.  The  mechanical  stresses,  though  very  small 
under  normal  conditions  of  load,  may  attain  considerable  magnitude 
when  the  secondary  is  short-circuited.  In  modem  transformers  having 
very  close  regulation  the  current  on  short-circuit  ranges  from  50  to 
too  times  the  normal  full-load  value,  corresponding  to  2500  to  loooo 
times  the  normal  stresses.  In  choosing  the  most  suitable  type  of  trans- 
former, the  manufacturer  is  therefore  to  a  large  extent  guided  by  its 
adaptability  for  strong  mechanical  construction. 

A  disadvantage  of  the  core  type  with  double  concentric  windings 
is  that  considerable  difficulty  is  experienced  in  obtaining  a  really  good 
mechanical  support  for  the  coils.  Experience  shows  that  this  arrange- 
ment of  winding  should  be  limited  to  sizes  of  about  150  K.V.A.  If 
adapted  for  larger  units,  serious  trouble  may  result  from  displacement 
of  the  windings  when  a  short-circuit  occurs. 

No-LoAD  Current 

\Vhen  the  secondary  of  a  transformer  is  on  open  circuit  the  ctirrent 
taken  from  the  supply  mains  consists  of  two  parts  :  (i)  the  magHtlising 
component,  which  maintains  the  magnetic  fiux  at  the  requisite  value  ; 
and  (2)  the  energy  component,  which  balances  the  loss  due  to  hysteresis 
and  eddy  currents,  and  also  the  small  I'R  loss.  The  iron  losses  have 
exactly  the  same  effect  on  the  primary  as  if  the  secondary  supplied  an 
equivalent  amount  of  power. 

The  copper  loss  at  no-load  is  so  small  that  it  may  be  neglected ; 
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heoce,  if  W,  denote  the  iron  loss  in  watts  and  E^  the  primary  applied 
E.M.F.,  then  the  energy  component  of  the  no-load  current  is 


The  monetising  component  of  the  current  may  be  obtained  from 
the  fundamental  equation 

Maximum  magnetising  ampfere-tums  =  I,„T,= — 
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Fig.  57.— Magnclis 


e  for  ordinary  and  alloyed  Iro 


Where  I„  =  maximum  value  of  current. 

T^  ^  number  of  primary  turns  in  series. 
B„^  maximum  flux  density  in  core  in  lines  per  sq.  cm. 
i=  length  of  the  ms^netic  path  in  cms. 
/Impermeability  of  the  iron. 
It    is,  however,   more    convenient    to  have   the  magnetising  current 
expressed   as  a  R.M.S,   value  of    I„.     Hence    the   above  equation 


becomes   I„T^  =  - 


BJ, 
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i.e.  magoetising  current  =  I„  =  - 


T,-/' 
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In  practice  the  magnetising  amp^re-tums  are  generally  derived  from 
saturation  curves  such  as  those  in  Figure  57.  These  curves  show  how 
the  ampfere-tums  required  per  centimetre  length  of  path  vary  with  the 
flux  density  for  (i)  ordinary  transformer  iron,  and  (3)  alloyed  iron.  It 
will  be  observed  that  at  low  inductions  the  latter  has  the  higher  perme- 
ability, but  for  densities  greater  than  14,000  the  reverse  is  the  case. 
In  order  to  avoid  undue  losses  and  heating,  the  densities  employed  in 
practice  seldom  exceed  13,000  lines  per  square  cen^metre,  so  that 
within  working  limits  alloyed  iron  is  superior  to  ordinary  iron  both  as 
r^ards  permeability  and  core  loss.  The  ordinates  of  the  curves  in 
Figure  57  denote  the  maximum  values  of  flux  density,  and  to  obtain 
the  virtual  ampere-turns  the  abscisss  must  be  divided  by  r.41.  Should 
the  yoke  and  core  have  different  cross-sectional  areas  the  amp^re-tums 
for  each  part  must,  of  course,  be  detennined  separately. 


Fig.  58.— No-load  vector  Diagram. 

When  the  values  of  the  currents  I,  and  I„  are  known  the  magnitude 
and  phase  relation  of  the  no-load  current  can  be  obtained  from  the 
vector  diagram  in  Figure  58.  Let  04  be  the  vector  representing  the 
core  flux,  then  01^  marked  off  along  04>  will  represent  the  magnetising 
current,  which  must  be  co-phasal  with  04.  Since  the  counter  e.m.f[ 
of  the  primary  is  in  quadrature  with  the  flux,  its  vector  will  be  in  the 
direction  OEj.  Neglecting  the  small  copper  drop,  the  pressure  applied 
to  the  primary  will  be  180  degrees  in  advance  of  OEj,  and  is  represented 
by  the  vector  OE^  The  energy  component  of  the  current  must  be  in 
phase  with  the  latter,  and  to  represent  it  01,  is  marked  off  along  OE^ 
This  diagram  shows  that  the  magnetising  and  energy  components  of  the 
current  are  in  quadrature  with  each  other ;  hen(%  the  no-load  current 

is  expressed  by  

OI,=  I„=-yi,>-»-V 
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^,  is  the  ai^le  of  lag  of  the  cunent,  and  in  modem  transformers  has  a 
value  ranging  between  45  and  50  degrees.  As  a  result  of  this  laige 
angle  of  lag  an  unloaded  transformer  will  have  a  very  low  power  factor. 
Shape  of  Primary  Current  Wave  as  affected  by  Hysteresis. 
— Even  although  the  E.M.F.  applied  to  the  primary  of  a  transformer  be 
unusoidal,  it  does  not  follow  that  the  current  wave  will  also  be  such ; 
for,  owii^  to  the  effect  of  magnetic  hysteresis,  the  shape  of  the  current 
curve,  when  the  secondary  is  only  slightly  loaded,  may  be  considerably 
distorted  from  that  of  a  pure  sine  curve.  Consider  the  case  of  an 
unloaded  transformer  having  a  sine  wave  of  E.M.F.  applied  to  its 
primary.  The  no-load  current  wave  will  consist  of  two  parts:  (i)  the 
curve  of  magnetising  current,  and  (2)  the  curve  of  energy  current.  The 
latter  may  be  represented  by  a  simple  sine  wave  in  phase  with  the 
applied  E.  M.  F.     To  obtain  the  curve  of  magnetising  current  the  values  of 


Fid.  59. — W>ve-form  of  no-lcad 


the  magnetic  induction  as  a  function  of  (1)  the  exciting  current,  and 
(a)  time,  must  be  available.  The  former  is  given  by  the  hysteresis  cycle 
for  the  iron,  and  the  latter,  for  a  known  wave  of  applied  E.M.F.,  may 
be  calculated  from  the  equation  on  page  63. 

In  Figure  S9  there  is  plotted  (i)  the  hysteresis  loop  for  a  given 
core,  and  (a)  a  sine  wave  BB  to  represent  the  flux  density  in  the  core 
which  will  be  in  quadrature  with  the  primary  E.M.F.  The  curve  of 
magnetising  current  is  derived  as  follows.  For  the  instants  of  time 
'ii'b'si  ■  •  ■  ■  /,,  observe  the  corresponding  values  of  flux  density  Band 
then  find  from  the  hysteresis  loop  the  values  of  the  currents  i-^,  (^  (j, 
....  (.,  corresponding  to  these  values  of  B.  Selecting  any  convenient 
scale,  mark  off  these  values  of  /  along  the  corresponding  ordinates  of 
the  curve  BB,  then  the  curve  1«  obtained  by  joining  up  the  points 
iv'v  ■  ■  ■  •  '-.  '8  the  curve  of  magnetising  current 
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The  sine  curve  I,  is  the  wave  of  the  energy  current,  and  by  adding  its 
oidinates  to  those  of  I„  a  resultant  curve  1,  is  obtained  which  shows 
the  no-load  current  as  a  function  of  time. 

It  will  be  observed  that  the  eHect  of  hysteresis  is  to  cause  the 
magnetising  and  no-load  currents  to  be  non-sinusoidal  in  shape.  It 
should  also  be  observed  that  the  magnetising  current  attains  its  maxi- 
mum values  at  the  same  instant  as  the  magnetic  flux,  but  passes  through 
its  zero  value  considerably  ahead  of  the  latter.  With  increasing  values 
of  maximum  flux  density  the  current  curve  becomes  more  peaked,  the 
reason  for  this  being  that  as  the  iron  approaches  saturation  the  maximum 
value  of  the  magneto-motive  force  must  be  raised  abnormally  high  in 
order  to  cause  even  a  small  increase  in  the  magnetic  flux. 

When  the  secondary  is  loaded  the  distortion  of  the  wave  of  primary 
current  rapidly  decreases,  and  becomes  almost  n^ligible  at  aboat 
15  per  cent,  of  full-load;  that  is,  while  the  distorting  component 
remains  the  same,  the  sinusoidal  component  increases  with  the  load 
and  obscures  the  distortion.  The  equation  to  the  magnetising  current 
curve  in  Figure  59  is 

1  =  0.65  sin  (tf- 30°) -I- 0.1 5  sin  (3*  ~  15°) +  0.03  sin  (5^- 20°) 

Of  the  harmonics,  the  third  is  the  most  pronounced,  its  amplitude 
being  approximately  equal  to  25  per  cent,  of  that  of  the  fundamentaL 
The  presence  of  this  large  third  harmonic  in  the  wave  of  monetising 
current  often  produces  appreciable  effects  in  practice,  especially  in 
polyphase  work,  and  will  again  be  referred  to. 

Transformer  Diagrams 

The  phase  relation  between  the  several  varying  quantities  in  a 
transformer  when  operated  under  various  conditions  of  load  will  now 
be  examined  by  the  aid  of  vector  diagrams.  Strictly  speaking,  the 
vector  diagram  method  of  treatment  should  only  be  adopted  when  the 
quantities  under  consideration  vary  according  to  the  simple  sine  law. 
Except  in  the  case  of  the  magnetising  current  this  assumption,  with 
apparatus  of  modern  design,  is  quite  legitimate,  and  even  for  the  case 
mentioned  the  error  caused  by  substituting,  for  the  actual  curve,  an 
equivalent  sine  wave  will  not  affect  the  accuracy  to  any  great  extent. 
For  simplicity  of  treatment  it  will  therefore  be  assumed  that  alt  the 
ijuan  titles  vary  sinusoidally. 

The  vector  diagrams  are  generally  developed  on  the  assumption 
that  the  ratio  of  transformation  is  unity,  for  it  will  then  be  possible  to 
use  the  same  voltage  and  current  scales  for  both  primary  and  secondary. 
This  method  is  quite  valid,  since  the  transformation  ratio  does  not 
influence  the  losses  and  efficiency  of  a  transformer.  In  the  following 
investigation  the  secondary  turns  will   be  considered  as  having  the 
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same  nmnber  as  the  primary  turns,  bo  that  the  actual  secondary  cturents 
and  pressures  must  be  multiplied  by  T,/T^  and  X,/T,  respectively. 
It  will  further  be  assumed  that  the  vectors  rotate  in  a  clockwise  direction, 
and  that  all  the  diagrams  rcfei  to  one  transformer. 

BAa^aetic  Leakage  neglected. — Assuming  the  transfonner 
to  be  devoid  of  magnetic  leakage,  four  cases  will  be  examined: 
(i)  secondary  on  open  circuit,  (3)  secondary  current  in  phase  with 
terminal  E.M.  F.,  (3}  secondary  current  lagging,  and  (4)  secondary  cuireot 
leading. 

Figure  58  gives  the  vector  diagram  for  a  transformer  whose  secondary 


Fig.  60. — Load  non. 


utd  leakage  negkcted. 


is  on  open  circnit.  Since  the  transformation  ratio  is  unity,  0£„  in 
quadrature  with  the  flux  O*,  will  represent  the  seconda^  induced 
E.M.P.  and  also  the  counter  e.m.f.  of  the  primary.  The  copper  drop 
being  n^ligible,  the  applied  primary  pressure  OE^  will  be  of  the  same 
length  as  0E„  but  drawn  180  degrees  ahead  of  it.  4>^  the  angle  of  lag, 
will,  as  already  stated,  be  about  50  degrees. 

The  vector  diagram  for  a  non-inductive  load  is  shown  in  Figure  60. 
OE|  represents  the  E.M.F.  induced  in  the  secondary,  and  0I„  the 
no-load  current.  Since  the  load  is  non-induclivu,  the  secondary  current 
must  be  in  phase  with  the  secondary  E.M. I''.,  and  is  represented  by 
01,  mailced  off  along  OE,.  Now,  01,  is  the  resultant  of  the  primary 
aiMi  secondary  ampire-tums,  so  that  producing  01.  upward  to  0I.'>  and 
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compounding  it  with  the  no-load  vector  OI^  the  line  OI^  is  obtained, 
which  represents  the  primary  current  in  magnitude  and  direction.  The 
pressure  applied  to  the  primary  has  two  components.  The  first 
balances  the  counter  e.m.f.,  and  is  represented  by  Oe,  equal  in  magni- 
tude to  OE^,  but  drawn  in  the  opposite  direction.  The  second  com- 
ponent is  that  required  to  overcome  the  ohmic  drop,  and  is  represented 
by  OVj,  marked  off  along  01^  OE^  the  E.M.F.  applied  to  the  primary, 
is  obtained  by  compounding  OV^,  and  Oe^,  and  leads,  with  respect  to 
the  primary  current,  by  a  small  ar^le  ^j^  By  loading  the  transfoimer 
the  primary  current  has  been  brought  more  into  phase  with  OE^     In 


Fifl.  6i.— Load  Inductive  and  lealcige  neglected. 

practice  <^,  would  be  so  small  that  cos  <^f  could,  without  appreciable 
error,  be  considered  as  equal  to  unity.  On  load,  the  voltage  at  the 
terminals  of  the  secondary  will  not  be  OE],  but  will  be  less  by  t^e 
Ij'^Rj  drop  which  is  represented  by  EiE^  OE^  therefore  gives  the 
terminal  voltage  of  the  secondary. 

With  an  inductive  load  on  the  secondary  the  secondary  current 
01,  will  not  be  in  phase  with  0E„  but  will  lag  behind  it  by  an  ai^le 
represented  by  ^j  (Figure  6i).  OI,  is  of  the  same  length,  and  is 
obtained  in  the  same  manner  as  that  in  the  previous  diagram.  The 
primary  pressure  OE^  is  the  resultant  of  the  ohmic  drop  OV^  and  the 
voltage  Oe^  overcoming  the  counter  e.m.f.  The  secondary  drop, 
being  in  phase  with  its  current,  is  represented  by  EjE,  drawn  parallel 
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to  0I„  ^,  bdng  the  angle  of  lag  of  the  latter  behind  the  secondary 
tenninal  voltage. 

If  Figures  60  and  61  be  compared,  tvo  points  of  importance  should 
be  noted:  (i)  an  inductive  load  on  the  secondary  reduces  the  power 
factor  of  the  primary,  the  angle  of  lag  of  the  secondary  being  transferred, 
as  it  were,  to  the  primary ;  (2)  the  ratio  between  the  magnitudes  of  the 
primary  and  secondary  terminal  pressures  is  so  affected  that  the  ratio 
of  transformation  is  increased  with  an  inductive  load  to  a  greater  extent 
than  with  a  non-inductive  load  of  the  same  magnitude. 


Fig.  6z. — Capacity  load  and  lealc^e  neglected. 


When  the  secondary  supplies  power  to  a  number  of  ovcMacited 
synchronous  motors,  the  secondary  current  will  lead  with  respect  to  the 
secondary  B.M.F.  For  such  a  condition  the  construction  of  a  vector 
diagram  wotdd  be  carried  out  as  in  the  previous  case,  except  that  OI, 
will  lead  with  respect  to  OEj,  as  shown  in  Figure  63.  From  an 
inspection  of  the  latter  it  will  be  seen  that  a  leading  secondary  current 
has  the  effect  of  raising  the  power  factor  of  the  primary  by  reducing 
the  angle  of  lag  ^^ 

Magnetic  Leakage  taken  into  Account— In  an  earlier  part 
of  this  chapter  it  was  shown  that  the  leakage  fluxes  in  a  transformer 
gave  rise  to  two  electromotive  forces  which  were  in  quadrature  with  the 
primary  and   secondary  currents  respectively.    When  these  leakage 
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voltages  are  taken  into  account  the  vector  diagnun  of  a  transfonner 
whose  secondary  current  is  in  phase  with  its  E.M.F.  will  be  that 
shown  in  Figure  63  {a).  As  with  the  previous  diagrams,  O*  represents 
the  magnetic  flux,  OE,  the  secondary  induced  E.M.F.,  and  01,  and 
01^  the  secondary  and  primary  currents  respectively. 

In  reference  to  the  secondary,  the  component  of  the  induced  E.M.F. 
overcoming  the  leakage  reactance  is  represented  by  Ov„  leading  90 
degrees  with  respect  to  01^ ;  OV,  marked  off  along  the  latter  represents 
the  ohmic  drop.    The  voltage  consumed  in  secondary  impedance  is 


-Tyeakage  taken 


the  resultant  of  OV,  and  Ov,  which  when  subtracted  vectorially  ftom 
0E|  gives  0E„  the  secondary  terminal  pressure, — the  latter,  of  course, 
being  in  phase  with  the  cunent  I,.  OE^  is  the  pressure  applied  to  the 
primary,  and  consists  of  three  components:  (i)  0«^  balandng  the 
counter  e.m.f,  (a)  OVj,  overcoming  the  ohmic  drop,  and  (3)  Ob^ 
opposing  the  leakage  reactance.  The  vector  sum  of  the  components 
Oy,  and  OVf  is  the  voltage  consumed  in  primary  impedance,  ^^  as 
before,  is  the  angle  of  lag  of  the  primary  current  behind  the  applied 
E.M.F. 

From  this  diagram  it  should  be  noted  that,  for  a  load  erf'  unity 
power  factor,  i.e.  one  in  which  the  secondary  current  is  in  phase  with 
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the  secondary  terminal  volts,  the  transformation  ratio  remains  practicall]' 
ttre  same  as  in  Figure  61,  where  magnetic  leakage  is  n^lected.  The 
drop  in  volts  is  that  due  to  the  copper  resistance  only,  the  leakage 
voltage  Ov,  being  in  quadrature  with  the  terminal  voltage  OE„  and  Ov,, 
neaily  so.  With  a  non-inductive  load  the  effect  of  magnetic  leakage  is 
to  increase  the  phase  difference  between  the  primary  current  and  the 
applied  pressure  without  effecting  a  reduction  io  the  secondary  terminal 
volts  to  any  appreciable  extent. 

If  the  secondary  current  lags  behind  the  secondary  terminal  volts  by 
an  angle  ^„  then  the  vector  diagram  will  be  as  Figure  63  {b),  the  lettering 
of  whidi  is  the  same  as  in  the  previous  diagram.  An  inductive  load  on 
the  secondary  has  the  effect  of  bringing  the  primary  and  secondary 
currents  more  completely  in  opposition  of  phase.  The  leakage 
voltages  will  each  have  a  lai^er  component  in  phase  with  the 
secondary  terminal  pressure,  with  the  result  that  the  latter  is  diminished 
to  a  greater  extent  than  when  the  power  factor  of  the  load  is  unity.  It 
win  be  clear  from  the  diagram  that,  for  a  given  load  current,  the  drop 
will  be  a  maximum  for  that  angle  of  lag  i^,  which  brings  the  impedance 
voltages  in  line  with  the  indnced  E.M.F.'s,.hut  should  0,  be  further 
increased  these  vectors  will  not  be  in  exact  opposition  of  phase,  and  the 
voltage  drop  will  diminish. 

Regulation 

Equivalent  Circuits. — In  order  to  facilitate  the  analytical  and 
graf^cal  treatment,  there  will  be  substituted  for  the  magnetic  and 


Fig.  64. 

electric  circuits  of  a  transformer,  as  represented  in  F^ure  41,  the 
equivalent  circuits  shown  in  Figure  64,  where  T  represents  a  perfect 
transformer  having  no  leakage,  no  losses,  and  requiring  no  magnetising 
current.  In  series  with  the  primary  winding  are  shown  two  coils  R^  and 
Xj„  representing  the  resistance  and  leakage  reactance  of  the  primary.  In 
the  secondary  circuit  there  will  also  be  two  similar  coils,  R„  and  X,. 
The  core  loss  current,  which  remains  practically  constant  for  all  loads, 
and  the  exciting  current  are  represented  by  the  inductive  and  non- 
ioducttve  circuits  connected  in  parallel  with  the  primary.  Assuming  a 
transformation  ratio  of  unity,  the  transformer  T  may  be  omitted  from 


88  AL  TERN  A  TING  CURRENT  MA  CHINER  !• 

Figure  64,  and  there  will  only  remam  the  equivalent  circuits  of  Figure  65. 
The  current  taken  by  each  of  the  three  circuits  will  Sow  independently 
of  the  current  in  the  other  two  circuits,  while  the  total  primary  current 
will  be  the  vector  sum  of  the  three  components.  The  current  taken 
by  the  load  flows  through  the  local  impedance  of  both  primary  and 
secondary  coils,  and  is  unaffected  by  the  presence  of  the  currents  in  the 
other  parallel  circuits.  The  diagrams  of  equivalent  circuits  can  be  still 
further  simplified  to  that  shown  in  Figure  66,  where  the  primary  and 
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Figs.  65  uid  66. 


secondary  circuits  are  combined  into  one  reactance  coil  X  and  resist- 
ance coil  R, 

Voltage  Drop  due  to  Resistance  and  Reactance.— When 

the  primary  of  a  transformer  is  excited  from  a  constant  voltage  supply, 
the  P.D.  at  the  terminals  of  the  secondary  varies  with  the  load  by  an 
amount  which  depends  upon  the  resistance  of  the  two  windings  and  the 
magnitude  of  the  leakage  flux.  With  a  lagging  secondary  current  the 
volt^e  drop  will  be  greater  than  when  the  current  is  in  phase  with  the 
pressure.  If,  however,  the  current  leads  with  respect  to  the  terminal 
E.M.F.  by  more  than  a  certain  angle,  the  P.D.  at  the  secondary 
terminals  will  increase  with  the  load.  This  latter  condition  is,  however, 
very  rarely  met  with  in  practice,  a  pressure  drop  being  the  general  rule. 
The  regulation  of  a  transformer  for  a  load  of  stated  power  factor  is 
defined  as  the  percentage  drop  in  the  terminal  voltage  of  the  secondary 
when  the  load  is  increased  from  zero  to  its  full-load  value,  the  primary 
applied  E,M.F.  being  maintained  constant  Transformers  whose  load 
consists  of  induction  motors  or  lamps  should  be  designed  for  as  close 
regulation  as  commercial  considerations  will  permit     According  to  the 
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power  factor  of  the  load,  the  regulation  of  transformers  of  present-day 
design  ranges  from  1.5  to  5  per  cent.,  the  latter  being  seldom  exceeded 
except  in  special  cases. 

For  a  constant  primary  applied  E.M.F.  the  voltage  drop  at  the 
terminals  of  the  secondary  may  be  resolved  into  two  components :  (■) 
the  resistance  drop,  and  (3)  the  drop  resulting  from  magnetic  leakage, 
^ch  need  only  be  considered  when  the  power  factor  of  the  load  Is 
less  than  unity.  As  already  shown,  the  first  is  in  phase,  and  the 
second  in  quadrature  with  the  currents  in  the  respective  windings. 
Though  the  currents  01^  and  01,  (see  Figures  60  to  63)  are  not  in  exact 
phase  opposition,  for  they  must  be  just  so  far  out  that  the  resultant  of 
the  amptre-tums  due  to  them  is  sufficient  to  magnetise  the  core  to 
the  required  d^;ree,  yet  the  phase  difference  from  180°  is,  except  in 


Fio.  67. 

the  case  of  the  smallest  transformers,  almost  negligible.  The  voltages 
V^  and  V,  due  to  the  ohmic  resistance  of  the  windings  and  the  induc- 
tive voltages  Vf  and  v,  can  therefore,  without  introducing  an  ap5)reciahle 
error,  be  considered  as  having  a  phase  difference  of  iSo*  with  each 
Mher.  This,  together  with  the  diagram  of  equivalent  circuits  shown  in 
Figure  66,  leads  to  a  convenient  method  for  determining  the  maximum 
drop.  Referring  to  Figure  67,  let  BC  represent  the  ohmic  drop  in  the 
two  windings,  and  AB  the  total  inductive  drop,  which  will  be  in 
quadrature  with  BC.  Then  ACj  the  hypotenuse  of  the  right-angled 
triangle,  is,  for  a  ^ven  load,  the  maximum  drop  in  secondary  pressure 
that  the  transformer  can  have. 

To  obtain  the  combined  copper  drop,  let  V,  and  V,  denote  the 
resistance  drop  in  the  primary  and  secondary  windings  respectively, 
then  if  T^/T,  denotes  the  transformation  ratio,  a  drop  of  V^  volts  in  the 

T, 
primary  will  cause  a  drop  in  the  secondary  of  V^  x  ™r.     The  combined 

copper  drop  BC  will  be  given  by 


where  Rj,  and  Rj  denote  the  effective  resbtances  of  the  primary  and 
secondary  windii^;  respectively.    The  magnitude  of  the  inductive  drop 
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depends  upon  the  arrangement  of  the  windings  and  the  length  of  the 
paths  taken  by  the  leakage  flux,  and  may  be  calculated  from  the 
formula  given  below.  Let  v,  denote  the  leakage  drop  of  the  primaiy, 
and  V,  that  of  the  secondary,  then  the  drop  AB  at  the  secondary 

terminals  due  to  magnetic  leakage  =  V^  =  w, .    ,'  +  w,. 

The  maximum  total  drop  AC  is  that  E.M.F.  which  must  be  applied 
to  the  secondary  windings  in  order  that  the  fulMoad  current  may  flow 
when  the  primary  terminals  are  short-circuited.  It  is  the  "  short-circuit " 
voltage  each  component  of  which,  and  consequently  the  whole,  is 
proportional  to  the  current. 

Calculation  of  the  Inductive  Drop.* — The  inductive  drop  in  a 
transformer  is  due  to  the  interlinkage  of  the  leakage  flux  with  the  turns 
of  the  windings,  whereby  e.m.f.'s  of  self-induction  are  set  up.  If  it  were 
possible  to  determine  the  leakage  flux  approximately  from  the  drairings 
of  the  transformer,  by  mapping  out  the  field  in  proportion  to  the 
magnetomotive  force  acting  at  any  point  divided  by  the  magnetic 
reluctance  of  the  leakage  path,  then  the  exact  determination  of  the 
inductive  drop  would  be  an  easy  matter.  Unfortunately,  such  a  mode 
of  procedure  could  never  be  carried  out  so  exactly  as  to  give  any  but 
qualitative  results,  the  actual  value  of  the  flux  following  any  leakage 
path  not  being  capable  of  exact  calculation.  However,  by  making  a 
general  application  of  the  laws  of  magnetic  circuits  to  different  systems 
of  coils,  it  is  possible  to  see  what  factors  will  influence  the  interlinkage 
between  the  leakage  flux  and  the  turns  composing  a  winding.  The 
value  of  the  coefficients  to  be  inserted  in  the  madiematical  expressions, 
so  as  to  convert  them  into  definite  numerical  quantities,  e.g.  volts  drop, 
can  only  be  obtained  from  experiments  carried  out  on  some  definite 
system  of  coils, 

(i)  Core  Type  with  Concentric  Cyliadrtcal  Coils.— Figure 
68  represents  a  cross-section  through  the  two  co-axial  coils  I  and  II  of 
a  core  type  transformer  having  a  single  concentric  winding.  Leakage 
lines  pass  through  the  space  between  the  two  windings,  and  will 
confine  themselves  more  or  less  to  the  paths  indicated  in  the  figure. 
The  flux  linked  with  coil  I  is  confined  to  a  path  which  is  entirely  non- 
magnetic, whereas  the  flux  surrounding  coil  II  passes  on  one  side, 
through  the  core  of  the  transformer.  Since  the  magnetomotive  force 
of  the  two  coils  will  be  approximately  equal,  the  leakage  lines  of  coil 
II  will  be  somewhat  greater  than  those  of  coil  I. 

In  order  to  simplify  the  mathematical  expressions,  it  will  be 
assumed  that  the  currents  in  the  two  coils  differ  in  phase  by  exactly 
I  So  degrees,  and  give  rise  to  an  equal  number  of  am pfe re-turns,  both  of 
these  assumptions  being  approximately  fulfilled  in  practice.  It  will  further 
be  assumed  that  neither  the  yoke  nor  the  core  has  a  material  influence 
■  See  Kapp,  Tnatsformtrt,  p.  1 76. 
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OR  the  shape  of  the  stray  field,  and  that  the  latter  is  symmetrically 
distributed  round  the  axis  of  the  coils.  Since  the  two  fluxes  due  to 
the  respective  coils  will,  at  any  instant,  have  the  same  direction  in  the 
space  between  the  coils,  there  must  be  a  cylindrical  boundary  surface, 
indicated  by  the  line  AA,  (Figure  69},  between  the  two  leakage  fields. 
The  distance  of  the  boundary  surface  AA,  from  the  inner  surface  of 

I  I 


the  coil  I  is  denoted  by  A',  and  the  distance  from  the  outer  surface  of 
the  coil  II  by  A".  The  position  of  AA,  cannot  be  exactly  fixed,  but 
froiKi  what  has  been  said  as  to  the  relative  reluctance  of  the  two  leakage 
paths  it  is  obvious  that  A"  must  be  greater  than  A'. 

The  magnetomotive  force,  acting  at  various  points  between  the 
edge  of  the  core  and  the  outside  of  coil  I,  is  shown  by  the  graphs  in 
the  lower  part  of  Figure  69.  Along  the  space  A  the  magneto-motive 
force  is  a   maximum,   and   zero  at   the  inside  and  outside  surfaces 

1^  .tH>^le 
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of  the  coils.  Since  the  flux  at  any  point  is  proportiooal  to  the  M.M.F. 
at  that  point,  the  ordinates  of  the  curve  also  represent,  to  another 
scale,  the  variation  of  magnetic  induction. 

If  Tj  denote  the  number  of  turns  in  coil  II,  which  is  here  assumed 
to  be  the  secondary,  T,  the  number  of  turns  per  centimetre  of  tadial 
depth  of  II,  and  /  the  perimeter  of  the  boundary  surface,  then,  in  a 
small  strip  of  width  dx,  and  at  a  distance  x  from  the  core,  the  number 
of  turns  =  <n'  =  T^.  The  flux  Hnked  with  these  turns  is  that  repre- 
sented by  the  shaded  area  between  the  ordinates  B  and  B,  and 
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Fig.  69. — Calculation  of  leakage  foi  core  type  Iransfoinier  with 
single  concentric  winding. 


The  corresponding  value  of  the  induced   E.M.F.,  expressed  in 
C.G.S.  units,  is 

0^  =  4.44-?*  {A'B  +  (i,-;r)  ^^—^^  T^ 

The  total  E.M.F.  induced  in   the  coil  II  by  the  secondary  leakage 
flux  is 

.,.44~T,/  {4-B>.A,+y^4,-»)(?±5l)}  i, 

r       ..  I.  Google 
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Since  5l  _  ^  ,;,.  B,  - -i  B 
■  B  +  Bi_B  /  t  +  x\     . 

U,d(i,-=.)(?tl.)._L(i,.-;^ 

Hence /^i, -«)  (l±5l)  Ji  - -A^/^V  -  *■)*' 

Since  TcA,-=T,=the  total  number  of  turns  in  coij  II,  and  B  is 
proportional  to  -i^ — ■'  which  —  -=-1  where  AT,  is  the  amplitude  value 
of  the  ampfere-tums  for  II,  the  seoondaty  leakage  E.M.F.   may  be 

AT,, 


p,=4.44-T,/K,:^(4'+^) 


where  K,  is  a  coefficient  the  value  of  which  must  be  determined 
expenmentall;.  By  similar  reasoning  it  can  be  shown  that  for  coit  I 
the  e.m.t  of  self-induction  is 

r,  -  4.44-T,/K,  ^  (i'  +  ^) 

Now,  the  total  induced  E.M.F.  in  coit  I  due  to  the  main  flux  $ 
=  E^=4.44T,~* 
and  in  coil  11 

=  E,  =  4.44Tr^ 
The  ratio  of  leakage  E.M.F.  to  usefiil  E.M.F.  is  therefore 
2,^KjAT,/    ,     A,^/ 
E,         *     \     ^  i'l. 
^/  =  KiATj/    ,     AA^ 
E^         ♦     ^         3^L 
Owing  to  the  lower  reluctance  of   the  secondary  leakage  path  as 
compared  with  that  of  the  primary,  K,  will  be  greater  than  Kj.     But 
as  it  is  only  the  sum  of  the  ratios  that  is  of  importance,  a  mean  value 
I^^Ki±K,  j^^y  ^  introduced.     Since  AT,  a  AT j,  the  same  fraction 

appears  in  both  equations,  and  the  terms  within  the  brackets  may  be 
added  together.  Thus  A'  and  A'  are  obtained  tc^ether  in  the  form  of 
their  sum  A,  and  tt  is  immaterial  that  their  relative  values  are  not 
known. 
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The  final  expression  for  the  inductive  drop,  expressed  as  a 
percentage,  may  be  written 

II-  ..      loop     loo  KAT /.   ,A, +A,\0  ,,. 

where  v  =  total  inductive  drop  reduced  to  one  circuit 
E  =  useful  E.M.F.  of  the  same  circuit. 
AT  =  effective  ampfe  re-turns /er  core. 
4  =  maximum  value  of  main  flux. 
A  =  distance  between  coils  (copper  to  copper)  in  cms. 
Ai  =  radial  depth  of  coil  I  in  cms. 
A2=' radial  depth  of  coil  II  in  cms. 
p  =  mean  perimeter  of  the  windings  in  cms. 
L  ='  axial  length  of  coib  io  cms. 

Professor  Kapp  *  has,  as  a  result  of  a  number  of  experiments,  found 
that  the  value  of  K  is  approximately  unity.  Hence  the  percentage 
inductive  drop  for  a  transformer  with  concentric  cylindrical  windings  is 

Vpercent  =  ioo^(A  +  ^±^)g (7) 

In  large  high-pressure  transformers  it  may  sometimes  be  necessary  to 
reduce  the  indiictive  drop  by  dividing  one  winding  into  two  concentric 
cylinders,  and  sandwiching  the  other  winding  between  them.  When 
this  is  done  the  drop  will  be  approxunately  half  that  given  by  equation 
7,  that  is, — for  a  double  concentric  winding,  K  =0,5. 

(>)  Core  Type  with  Coils  arranged  ia  alternate  Flat 
Sections,  and  Shell  Type  with  Interleaved  Windings.— When 

the  windings  are  arranged  in  alternate  flat  sections,  as  is  nearly  always 
the  case  in  transformers  of  the  shell  type,  and  is  sometimes  adopted  in 
those  of  the  core  type,  the  paths  of  the  leakage  fluxes  will  be  as  shown 
in  Figures  70  and  71.  The  same  general  principles  can  again  be 
applied  to  the  calculation  of  the  inductive  drop,  but  it  must  be 
remembered  that,  except  for  the  end  section,  the  zero  value  of  B 
coincides  with  the  plane  which  passes  through  the  centre  of  each  coil 
section.  The  amp^re-tums  producing  the  maximum  value  of  B  are 
therefore  only  one-half  the  ampere-turns  of  the  section.  Only  in  the 
end  coils,  which  lie  against  the  two  yokes,  will  the  point  of  zero  flux 
coincide  with  the  outer  boundary  of  the  section.  In  the  case  of  these 
two  end  sections  the  full  amptre-tums  of  the  section  will  act  on  the 
leakr^e  path,  so  that  if  all  the  coils  are  wound  with  the  same  number 
of  turns  the  two  end  ones  will  produce  twice  as  much  leakage  as  the 
intermediate  coils. 

In  order  to  take  these  considerations  into  account  equation  (7)  will 
be  modified  as  follows,     I^t  n  denote  the  total  number  of  cchIb  on 
*  BUdmtichHUcht  Ztilttkrift  (1S98],  No.  15. 
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each  core,  then  i 


[  coils  will  have  - 


mp^re-turns  acting  i 


n  the 

iptre- 


leakage  path,  and  the  remaining  two  coils  will  act  with  AT  j 
turns.     The  average  amptre-tums  are  therefore 


Substituting  this  value  for  AT  in  equation  (7)  and  remetnbeiing  that 


only  half  the  values  of  Aj  and  A,  must  now  be  taken,  the  equation  for 
the  inductive  drop  under  these  new  conditions  is 

Vp«rce„..-50."-±i.f  (i+^  +  ^-")£    ....     (8) 

where  AT -^  ampfere-turns  per  section. 
L  =  radial  depth  of  each  coil. 
/  =  mean  length  per  turn. 

In  order  that  the  leakage  produced  by  the  end-coils  may  be  the 
same  as  that  of  intennediate  ones,  the  practice  is  sometimes  adopted 
of  winding  the  end-coils  with  only  one-half  the  number  of  turns  of  the 
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others.     The  distribution  of  B  will  then  be  as  in  Figure  70,  and  the 
expression  for  the  inductive  drop  becomes 


where  Aj  and  Aj  are  the  depths  of  the  intermediate  coils. 


Fig.  71. 

The  Short-circuit  Test — The  regulation  triangle  (Rgure  67)  is 
generally  obtained  by  means  of  the  short-circuit  test  due  to  Professor 
Kapp.  The  secondary  terminals  of  the  transformer  are  short-drcuited 
by  a  heavy  cable,  and  a  low-voltage  alternating  current  of  normal 
frequency  is  applied  to  the  primary  so  as  to  cause  full-load  current  to 
circulate  in  the  windings.  The  applied  pressure  E  divided  by  the  trans- 
formation ratio  gives  the  drop  in  volts  at  the  terminals  of  the  secondary 
from  no-load  to  full-load ;  i.e. 

Voltage  drop  =  Vi  =  E  .  ![^ 

Furtherj  if  I  denote  the  current  in  the  primary  when  the  pressure  E  is 
applied,  then  the  equivalent  impedance  of  the  transformer  expressed  in 
terms  of  the  secondary  is 


The  addition  of  a  wattmeter  in  the  primary  circuit  obviates  the 
necessity  for  measuring  the  resistance  drop  Vj  by  a  direct  current, 
since  the  wattmeter  reading  divided  by  the  current  I  gives  this  quantity 

directly.     Of  course  to  express  —  in  terms  of  the  secondary,  it  must 
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be    multiplied  by   — '.     Having  determined  V,   and   V^,  the  leakage 

Teactance   voltage,    as    given    by   the    side    AB    of    the    triangle   in 
Figure  67,  is 

The  short-circuit  test  is  of  considerable  practical  importance, 
especially  in  the  case  of  la^e  transformers,  as  the  regulation  up  to 
full-load  can  be  determined  without  actually  putting  them  on  load. 
The  only  objection  to  this  is  that  owing  to  the  induction  in  the  core 
being  very  low,  magnetic  leakage  is  somewhat  less  than  that  occurring 
when  normally  loaded  When  two  similar  transformers  are  available, 
this  difficulty  can  be  eliminated  and  the  drop  measured  with  the  core 
normally  excited.  The  connections  would  be  the  same  as  for  the 
Sumpner  efBciency  test  (see  Figure  89),  where  the  secondary  Sj  of  an 
auxiliary  transformer  is  connected  in  series  with  the  primary  winding  of 
T,.  If  V,  denotes  the  voltage  across  the  terminals  of  Sj,  when  full- 
load  current  circulates  in  the  windings,  then  the  voltage  drop  of  each 

transformer  is  given  by  — '. 

Vector  Diagram  for  Short-circuit  Test— The  vector 
diagram  of  a  transformer  with  normal  full-load  current  flowing  in  the 


Flc.  72. — Vector  diagram  for  short-citcuil 


short-circuited  secondary  assumes  the  form  shown  in  Figure  72.  In 
this  case  the  secondary  current  01,  is  taken  as  the  line  of  reference. 
Owing  to  the  low  induction  in  the  core,  the  magnetising  and  core  loss 
current  will  be  almost  negligible,  and  the  primary  current  OIj,  will  be 
completely  in  opposition  of  phase  with  regard  to  OI^  The  copper 
resistance  voltages  and  leakage  voltages  will  be  of  the  same  magnitude 
as  before,  and  have  the  same  lettering  as  in  previous  diagrams. 
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The  vector  OEj,  obtained  by  compounding  OV,  and  Qiv„  represents 
the  secondary  induced  E.M.F.  which  leads  with  respect  to  OI.  by  a 
large  angle  ^^  If  the  secondary  were  devoid  of  resistance,  ^,  would  of 
course  be  90  degrees.  As  regards  the  primary  circuit,  the  E.M.F.'s 
balancing  the  ohmic  drop,  leakage  reactance,  and  counter  e.m.f.  are 
represented  by  OV,,  O?'^  and  Ot;,  respectively.  The  vector  sum  of 
these  is  given  by  OE3,  the  E.M.F.  applied  to  the  primary,  which  is 
approximately  equal  to  the  sum  of  the  primary  and  secondary  induced 
E.M.F.'s. 

Since  the  inductive  voltages  Ov,  and  Cto,  are  in  exact  phase 
opposition,  their  effect  on  the  terminal  voltage  will  be  a  maximum. 
If  a  transformer  be  fully  loaded  under  normal  conditions  and  the  power 
factor  of  the  load  adjusted  to  that  corresponding  to  an  angle  of  lag  ^„ 
then  the  drop  will  attain  its  maximum  volls  OEj ;  any  variation 
(either  increase  or  decrease)  in  the  angle  ^,  will,  for  full-load  current, 
cause  the  drop  to  diminish,  as  the  component  of  the  inductive  voltages 
in  phase  with  the  secondary  terminal  voltage  would  be  less. 

Regulation  Diagrams.— When  the  voltage  triangle  of  a 
transformer  corresponding  to  full  -  load  has  been  experimentally 
determined,  the  voltage  drop  for  any  given  power  factor  can  be 
computed  by  a  graphical  construction  proposed  by  Kapp.  Referring 
to  Figure  73,  ABC  is  the  regulation  triangle  and  AI,  the  direction  of 
the  secondary  current.  The  latter  is  drawn  parallel  to  the  ohmic  drop 
CB,  and  will  be  the  line  of  reference.  For  a  load  of  power  factor 
cos  ^„  the  secondary  terminal  pressure  will  be  represented  by  AE^  lead- 
ing with  respect  to  AIj  by  an  angle  ^^  Assuming  that  all  the  reactance 
is  located  in  the  secondary,  then  the  vector  sum  of  AC  and  AE^  (/>, 
AE,)  will  be  the  total  pressure  induced  in  the  secondary  at  no  load. 

With  a  constant  supply  voltage,  AEj  is  also  constant,  hence  when 
the  power  factor  of  the  load  is  varied  the  locus  of  the  point  Ej  will  be 
a  circle  whose  centre  is  at  A.  For  a  given  secondary  current  AC  is 
fixed  both  as  regards  magnitude  and  direction;  hence,  as  the  power 
factor  changes  the  point  E^  must  also  trace  out  a  circle  the  centre  of 
which  is  at  C.  For  the  power  factor  to  which  corresponds  the  angle 
of  lag  1^1,  the  pressure  drop  is  represented  by  that  part  (Ej  Eg)  of  the 
radius  vector  AEj  which  is  intercepted  between  the  two  circles.  Now 
EjEj  approximately  =  AB',  the  projection  of  AC  on  E,A  produced. 
Hence  the  drop  for  any  power  factor  is  given  by  the  component  of  the 
total  impedance  voltage  AC  which  is  in  phase  with  the  secondary  E.M.F. 
As  the  angle  of  lag  ^,  diminishes,  so  also  does  that  part  of  the 
radius  vector  which  is  intercepted  between  the  two  circles.  When 
<^i  =  o,  AEj  lies  along  AI,  and  the  voltage  drop  is  E4E5  =  CB,  For  a 
leading  current  the  radius  vector  will  lie  to  the  right  of  AI,,  The  drop 
gradually  diminishes  with  an  increasing  angle  of  lead,  vanishes  at  E^ 
the  intersection  of  the  two  circles,  and  when  the  lead  of  the  current 
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exceeds  ^  d^^ees  the  voltage  drap  wilt  be  negative,  i.e,  the  tenninal 
pressure  rises.  When  the  angle  of  lag  of  the  current  -  i^j  the  induced 
voltage  AE^  is  in  exact  opposition  of  phase  with  respect  to  AC,  and 
consequently  the  maximum  drop  at  full-load  corresponds  to  a  power 
DictOT  =  cos  ^ 

Another  graphical  method  for  determining  the  voltage  drop  at  any 
power  factor  from  the  characteristic  triangle  is  illustrated  in  Figure  74. 
The  method  is  a  modification  of  Kapp's  circle  digram.  In  develop- 
ing the  latter  it  was  shown  that  the  voltage  drop  is,  for  a  particular 
power  factor,  given  by  the  component  of  the  impedance  voltage  in 


Fic.  73,— Kapp's  diagran  for  transroimer  regulation. 


phase  with  the  terminal  E.M.F.    Upon  this  is  based  the  di:^^m  of 
Figure  74. 

The  phase  of  the  secondary  terminal  volts  is  represented  by  the 
line  EjCEj,  along  which  is  measured  the  variation  in  secondary  volts, 
a  drop  in  pressure  being  measured  to  the  right  of  C  and  a  rise  to  the  left. 
The  characteristic  triangle  is  constructed  as  follows  :  Along  CE^  mark 
off  CB  to  represent  (he  copper  resistance  drop,  and  erect  from  D  a  per- 
pendicular BA  corresponding  to  the  inductive  drop.  For  unity  power 
EactOT  CA,  representing  the  maximum  possible  drop,  will  lie  along 
CH,  and  the  drop  in  terminal  volts  is  given  by  CB,  the  projection  of  CA 
on  the  voltage  vector  E^CE^.  To  obtain  the  drop  corresponding  to  any 
power  factor  cos  0,  the  vector  CA  is  moved  in  a  clockwise  direction 
into  the  position  CA'  so  as  to  make  an  angle  of  ^  degrees  with  the 
fi«d  line  CH.    The  component  of  the  short-circuit  voltage  in  phase 
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with  the  terminal  pressure  is  then  given  by  CD',  the  projection  of  CA' 
on  the  voltage  vector  EjCEj,  Similarly  in  the  case  of  a  leading 
current  of  say  <^i  degrees,  the  drop  is  given  by  CD'.  The  maximum 
drop  occurs  when  the  lag  of  the  current  is  i/ij  d^rees,  and  it  will  be 
obvious  from  the  diagram  that  ^j  — ACB.  By  drawing  lines  radiating 
from  C  to  represent  the  various  positions  of  the  line  CA  at  different 
power  factors,  the  drop  in  secondary  pressure  at  full-load  for  any 
power  factor  is  then  immediately  obtained  from  the  figure  by 
inspection. 

From  this  diagram  a  simple  analytic  expression  can  be  derived  for 
the  secondary  drop.  Let  V,,  Vj,  and  Vj  denote  the  equivalent 
impedance,  leakage,  and  copper  resistance  voltages  =  CA,  BA,   CB, 


Fig.  74.—  Morris  and  Lister's  transformer  diagi 


respectively,  and  ^  the  angle  FCH.     For  any  power  factor  cos  ^  the 
voltage  drop  =  CD'  =  CA'  cos  D'CA'  =  V,  sin  (^+/3) 
C       _     .  V,    V,  1 

-  Vi  I  ^'I  -  COS^  ^  .  y   +  y".  cos  <^| 

=  Vj  ^/I  -  CCS*  ^  +  Vj  COS  ^ (10) 

Example. — From  the  following  data  of  a  2O0-K.\V.   single-phase 
transformer  calculate  the  regulation  corresponding  to  a  power  factor 


Full-load  primary  current  (!)..=  93  amperes. 
Wattmeter  reading  for  short-circuit  test  (W)  —  1350 
Primary  volts  for  short  circuit  test  (E)  .        =  So 
Secondary  voltage  on  open  circuit         .        =--440 

Ratio  of  transformation  (^)  " 
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Equivalent  impedance  voltage  in  terms  of  secondary 

=  V,  =  E  X If  =  -?=  16  volts ^ 3.65  per  cent. 
^f      5 
Resistance  voltage  in  terms  of  secondary 

—  V. ■= -J- .  =-' =   ^i?x  -  =  3  volts '0.68  percent. 

I     Tj,       93       5 

Inductance  voltage  in  tenns  of  secondary 

—  Vg  =  n/i6'-3'  =  1 5.5  volts  =  3.5  per  cent, 
R^ulation  for  power  factor  0.8 

—  3-S  -^i  -  o.8»  +  0.68  X  0.8  =  2.65  percent 


DigiLizedbyGoOglc 


CHAPTER  IV 
TRANSFORMERS:  —LOSSES— EFFICIENCY- HEATING    AND 

COOLING— Three-phase  working— special  trans- 
formers 

The  losses  occuning  in  an  alternating  current  transformer  range 
from  5  per  cent,  of  the  rated  output  in  small  sizes  to  about  i  per  cent, 
in  those  of  2000-K.V.A.  capacity  or  more,  and  may  be  classified 
as  follows : — 

(i)  I*R  or  copper  loss  due  to  the  resistance  of  the  windings. 

(z)  Iron  or  core  loss  due  to  {a)  magnetic  hysteresis  and  (i)  eddy 
currents  in  core  plates. 

Copper  Loss. — Let  R^  and  R,  denote  the  effective  resistances  of 
the  primary  and  secondary  windings  respectively,  then  for  any  values 
of  primary  and  secondary  cunents  I^  and  I  the  copper  loss  is 

For  a  winding  having  T  turns  in  series  the  apparent  resistance  is 
expressed  by 

R^  =  ''ji:2  ohms 

where  p  =  specilic  resistance  of  the  conductor. 
/=  mean  length  per  turn. 
a  =  cross-sectional  area  of  conductor. 
Taking  the  specilic  resistance  of  copper  at  15°  C.  as  1.7  x  10*  ohms 
per  cm.,^  the  apparent  resistance  corresponding  to  a  rise  in  temperature 
ofT'Cis 

R„,,  =  £:7_'<_.ol.-^T^ii±_0:3£4T:)  ohms 

The  factor  0.004  's  'he  temperature  coefficient  of  resistance  for 
copper  in  C.G.S.  units. 

In  dealing  with  alternating  current  windings  the  skin  effect — i.e.  the 
concentration  of  an  alternating  current  near  the  surface  of  the 
conductor — must  be  allowed  for  in  calculating  the  effective  resistance. 
With  conductors  of  small  cross-section  the  increase  in  resistance  due 
to  the  non-uniform  distribution  of  the  current  is  almost  negligible; 
but  with  large  conductors  the  increase  may  be  as  much  as  30  per 
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cent  Besides  this  skin  effect  there  is  a  Turther  increase  in  the 
resistance  resulting  from  the  eddy  cuirenls  induced  in  the  substance 
of  the  OKiductors  by  the  leakage  fluxes  which  close  round  the  windings 
(see  Figure  68),  The  increase  in  the  resistance  due  to  these  causes 
depends  upon  (i)  the  frequency  and  (2)  the  size  and  shape  of  the 
conductors,  and  may  be  taken  into  account  by  multiplying  the  apparent 
resistance  by  a  factor  k  which  is  greater  than  unity.  The  equation 
to  the  effective  resistance  is  therefore 

R    _i-7^io-'-'t/-T.(i+o.oo4r) 


The  values  of  the  coefficient  k  must  be  determined  experimentally, 
and  will  be  somewhat  as  follows : — 


Sm«il  Conductors. 

Heavy  Conduclora. 

25-     ■ 

1.04 

l.oS 

40- 

1.09 

1. 11 

so- 

1-15 

1.30 

6o~ 

1-30 

Iroa  Loss :  HTSteresis. — When  iron  is  placed  in  an  alternating 
magnetic  field — that  is,  a  field  produced  by  a  magnetising  force 
which  passes  through  a  cycle  of  values  alternating  from  a  -(-  fv  to  a  -  zv 
maximum,  but  always  in  the  same  line  of  direction — Steinmetz  and 
others  hare  found  that  the  hysteresis  loss  pet  cubic  centimetre  per 
cycle  may  be  expressed  by  the  empirical  formula 

Wi  =  )jB^  ergs  =  ijB;li  xio^' joules, 
where  ij  =  hysteresis  constant, 
n  induction. 


The  exponent  of  S„  has  a  value  of  about  1.6  for  a  range  of  inductions 
between  B„  =  zooo  and  B„=  15,000.  For  very  high  inductions  in  the 
neighbourhood  of  B  =  2i,ooo  the  above  empirical  formula  is  no  longer 
applicable,  the  energy  loss  attaining  a 'constant  value  for  inductions 
above  6  =  33,000.  For  practical  work  it  is  more  convenient  to  have 
the  loss  expressed  in  terms  of  the  number  of  cycles  of  magnetism  per 
second  ~  and  the  volume  of  the  iron.  If  V  denote  the  cubic  centi- 
metres of  iron,  then  the  hysteresis  loss  is  expressed  by  the  equation 

Wj  =  7. '-.  B„"V  X  10"' joules  per  second,  or  watts; 
or,  since  i  cubic  cm.  of  iron  weighs  0.0078  kgs.,  the  loss  per  kilogramme 

W*=  13.8  X  io-«.  >).ii.  Bj-'— watts. 
Hence  when  K^  kilogrammes  of  iron  are  subjected  to  v  magnetic  cycles 
per  second  the  hysteresis  loss  is  given  by  the  equation 

W*=  12.8  X  io-« .  )j .  o .  B„"'  -  K^  watts. 
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The  value  of  the  hysteresis  constant  varies  with  the  chemical  and 
physical  constitution  of  the  iron,  and  for  transformer  plates  has  a 
value  ranging  from  o.ooi  to  oooa.  The  lower  figure  can  be  obtained 
with  the  new  "alloyeT"  irons,  ^ut  for  ordinary  transformer  plates 
0.0015  "isy  ^  considered  an  average  value.  The  curve  of  Figure  75 
gives  the  hysteresis  loss  per  kilogramme  at  50  cycles  per  second  as 
a  function  of  the  induction  for  a  sample  of  iron  in  which  ^"o.oois. 
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Fig.  75. — Hysteiesis  loss  in  oidinuy  tiansfonner  pUtes  at  50 — . 


The  loss  at  any  other  frequency  ~  can  be  obtained  by  multiplying  the 

value  obtained  from  the  curve  by  — . 
SO 

Ageing. — When  transformer  laminations  are  subjected  to  pro- 
longed beating  there  is  a  tendency  for  the  hysteresis  loss  to  increase. 
This  deterioration  is  known  as  ageing,  but  as  to  the  real  cause  producing 
it  there  is  at  present  no  reliable  information.  Suffice  it  to  say  that 
some  brands  of  iron  exhibit  this  phenomenon  to  a  very  small  extent, 
while  in  others  the  deterioration  is  much  more  pronounced. 

The  extent  of  this  deterioration  depends  upon  the  composition 
of  the  iron  and  the  temperature  from  which  it  has  been  annealed. 
The  increase  of  hysteresis  by  ageing  is  greater  with  annealed  than  with 
unannealed  iron.  This  is  clearly  shown  by  the  curves  in  Figure  76.* 
Two  samples  of  sheet  iron  were  subjected  to  a  temperature  of  ioo°  C. 
for  over  600  hours,  and  the  hysteresis  constant  measured  at  intervals. 
Curves  A  and  B  are  respectively  for  good  annealed  and  unannealed 
sheet  iron.  At  the  commencement  of  the  test  the  hysteresis  constant 
of  sample  A  was  approximately  the  same  as  for  sample  B,  but  as  the 

*  Jeurn.  of  tkt  Inst.  o/EUit.  F./tgiiueri  {i^y),  vol.  xxxviii.  p.  37. 
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test  proceeded  it  increased  rapidly,  while  the  hysteresis  constant  of  B 
remained  approximately  constant. 

As  a  general  rule  the  brands  of  iron  used  in  the  construction  of 
electrical  machinery  begin  to  age  at  a  temperature  of  about  85°  C, ; 
hence,  to  avoid  the  possibility  of  a  large  increase  in  loss  through  feeing, 
the  best  practice  is  not  to  allow  the  iron  to  attain  a  temperature 
higher  than  70°  C.  With  this  limit  of  temperature  there  is  now  no 
difficulty  in  obtaining  transformer  stampings  whose  ageing  will  be 
within  a  maximuro  of  15  per  cent. 

Again,  the  hysteresis  loss  is  found  to  increase  when  the  iron  is 
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subjected  to  mechanical  pressure,  and  W.  M.  Mordey  has  shown,  in 
one  test  he  performed,  that  the  hysteresis  loss  increased  ai  percent, 
when  an  iron  core  was  subjected  to  a  pressure  of  100  kilogrammes 
per  square  centimetre.  Owing  to  this  injury  under  pressure  it  is 
advisable,  in  assembling  the  laminations  of  a  transformer  core,  to 
apply  as  little  pressure  as  possible  consistent  with  good  mechanical 
construction. 

Eddy  Currents. — A  formula  for  calculating  the  loss  due  to 
the  eddy  currents  which  circulate  in  the  core  plates  may  be  derived 
as  follows.  Suppose  Figure  77  to  represent  the  cross-section  of  a  trans- 
former plate  at  right  angles  to  the  magnetic  flux,  then  the  alternations  in 
the  flux  give  rise  to  eddy  currents  which  flow  parallel  to  the  boundaries 
of  Ihe  plate,  as  indicated  by  the  paths  a^  and  cd.  The  value  of  the 
current  along  the  centre  line  AB  is  of  course  zero,  and  on  either  side 
of  the  latter  the  currents  will  flow  in  opposite  directions.  Consider  the 
elementary  strips  ab  and  cd  whose  dimensions  in  directions  parallel  to 
AB  and  at  ri^l  angles  to  the  plane  of  the  paper  are  respectively  i 
centimetre.  Further,  suppose  that  the  strips  are  of  thickness  dx  and 
at  a  dbtance  of  x  centimetres  from  AB.     The  E.M.F.  maintaining  the 
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current  in  this  path  is  that  induced  round  the  rectangle  abed.  Let 
B„  denote  the  maximum  flux  density,  then  the  flux  threading  this 
circuit  =  B„ X area  enclosed  by  aicd'^'B^  a  x.  This  gives  rise  to 
an  induced  e.m.f.  =  4.  ii-— .  B„  2  ar.  lo^*  volts,  where  i,  denotes 
the  form  factor*  of  the  e.m.f.  wave.  Assuming,  for  the  sake  of 
simplicity,  that  the  flux  varies  according  to  the  simple  sine  law,  then 
^j=  i.ii,  and  the  E.M.F.  induced  in  the  circuit  is  expressed  by 

E|  =  4.44.~.  B„  3X.  10-8  volts. 
Now,  if  p  denote  the  specific  resistance  of  the  iron,  then  the  resistance 
of  this  circuit  is 


Since  the  thickness  of  the  plate  is  always   negligible  compared  with 


the  length,  the  resistance  of  ad  and  cb  may  be  n^lected.    The  watts 
absorbed  by  the  strips 

^  _FV_(4.44.~.B„ix.io-«)i.db: 

P 
If   /  denote  the   thickness   of   the  plate   in    centimetres,   then, 
integrating  the  latter  expression  between  the  limits  o  and  -,  the  watts 
lost  in  that  portion  under  consideration 

.  P  p  24 

•  See  p.  116. 
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Since  the  volume  of  iron  in  such  a  strip  is  /,  the  loss  per  cubic  centimetie 

=  i-<>5  X  10"^  .^J.P  watte 
P 
For  ordinary  transformer  iron  the  specific  resistance  at  normal  woTking 


r ., 


Fig.  78, 


temperatures  {f.e.  60'  C.)  is  1.2  x  lo-*  of  an  ohm.    The  eddy  current 
loss  per  kitc^ramme  will  thererore  be 

W ^Sj<'°'"       ^ .  B„« .  /3  watts 

1.2  X  io-*x  0.0078 

-1.7s  xro-»~».BJ./*  watts 
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Fic.  79.—  Eddy  current  l 


8000       10,000       12.0C 
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14,000       16,000 


The  eddy  current  loss  calculated  by  this  formula  is  invariably  less 
than  that  obtained  from  tests  by  an  amount  averting  about  15  per 
cent  This  discrepancy  is  due  to  the  fact  that  the  formula  assumes 
the  flux  distribution  to  be  uniform  over  the  cross-section  of  the  core. 
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This  condition  is  not,  however,  realised  in  practice,  for,  referring  to 
F^ure  78,  as  the  length  of  path  AB  is  less  than  the  length  CD,  it 
follows  that  the  Hux  density  at  parts  A  and  B  will  be  greater  than  that 
at  C  and  D.  Now,  the  eddy  current  loss  being  a  quadratic  function 
of  the  flux  density,  any  departure  of  the  latter  from  a  uniform  value 
will  give  a  greater  total  loss.  To  meet  this  contingency  the  coefficient 
in  the  latter  formula  must  therefore  be  increased  by  about  15  percent ; 
hence  if  K,  denotes  the  mass  of  iron  in  kilogrammes,  the  expression 
for  the  eddy  current  loss  becomes 

W,-3x  lo-i'^'.  B„'./^.  K,wattsper  kilogramme    .    {12) 
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0  SDOO  400Q        «K»        SOOO         10,000       12,000     14,000      16,000 

Flu  deniily  in  liim  per  iq.  cm. 
Fic.  So. — Core  loss  for  ordinary  transfonner  iron. 

The  exact  calculation  of  the  eddy  current  loss  is  more  difficult  than  that 
of  the  hysteresis  loss ;  however,  equal  exactness  is  not  essential,  since 
the  former  loss  seldom  exceeds  25  per  cent  of  the  total  core  loss,  and 
often  constitutes  only  from  10  to  rs  per  cent. 

Since  the  eddy  current  loss  is  proportional  to  the  square  of  the 
thickness  of  the  laminations,  it  follows  that  this  loss,  for  a  given 
induction,  can  be  diminished  by  a  corresponding  reduction  in  thickness. 
Now,  for  a  given  flux  and  gross  cross-sectional  area  the  m^netic 
induction  must  be  increased  with  the  diminishing  plate  thidcness 
owing  to  the  waste  of  space  taken  up  by  the  insulation.  The  thickness 
of  the  latter  is  independent  of  the  thickness  of  the  plate,  and  has  a 
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standard  value  of  0.05  niin.  Under  these  conditions  the  loss  due  to 
hysteresis  increases  as  the  thickness  of  the  plate  is  reduced,  while  the  loss 
due  to  eddy  currents  decreases.  There  will  therefore  exist  a  certain 
thickness  of  stamping  for  which  the  total  core  loss  is  a  minimum.  This 
best  thickness  will  depend  upon  the  magnetic  properties  of  the  iron,  its 
electrical  resistance,  and  frequency  of  the  magnetic  flux.  For  ordinary 
tiansfoimer  iron  the  usual  practice  is  to  employ  0.35  mm.  plates  for 
frequencies  above  30,  and  0.5  mm.  plates  for  lower  frequencies. 

The  curves  of  Figure  79  give  the  eddy  current  loss  in  ordinary 
transformer  iron  for  (i)  /  =  o.3S  mm.  and  50  ~,  and  (2)  /=o.S  mm. 
and  25  '^,  the  ordinates  being  calculated  from  equation  la.  The 
curves  in  figure  80  show,  for  the  two  standard  thicknesses  of  plates, 
the  relation  between  the  flux  density  in  the  core  and  the  corresponding 
total  iron  loss  for  a  range  of  frequencies  between  15  and  50.  For 
inductions  between  8000  and  16,000  lines  per  square  centimetre,  the 
total  loss  varies  according  to  B'-»°,  whereas  for  lower  inductions  the 
figure  is  B'-^ 

Alloyed  Iron. — Within  recent  years  a  new  grade  of  iron  known  as 
"Alloyed  Iron"  has  been  introduced  by  several  firms.  The  loss  with 
this  new  alloy  iron  is  some  50  per  cent  less  than  that  occurring  in  the 
ordinary  transformer  sheets  hitherto  used,  and  it  has  already  been 
adopted  to  some  considerable  extent  in  the  construction  of  transformers. 
A  sample  of  the  iron  was  analysed  in  Birmingham  University  by 
Professor  Turner,*  who  found  it  to  be  of  the  following  composition : — 

Carbon 0.03  per  cent. 

Silicon 3.40 

Sulphur 0.04 

Phosphorus  ....       o.oi 

Manganese 0.31 

Iron  {by  difference)  .  96.10 

Owing  to  the  impurities  alloyed  with  the  iron,  the  permeability  at 
high  inductions  is  somewhat  less  than  that  of  the  older  grade  of  iron. 
This,  however,  is  not  of  great  practical  importance,  as  the  flux-density 
in  the  core  of  a  transformer  seldom  exceeds  13,000  lines  per  square 
rantimetre. 

The  hysteresis  constant  has  a  value  of  o.ooi,  which  is  65  per  cent. 
less  than  that  in  ordinary  grades.  The  specific  resistance  of  alloyed 
iron  is  much  greater  than  the  former,  and  is  approximately  equal  to 
3.4  X  IO-*  ohm,  so  that  the  equation  for  eddy  current  loss  is 

W,-i  xio-*.-^.B„«.  /».K^  watts (13) 

The*  total   iron   loss    per   kilogramme    obtained    experimenUlly  for 
*  JoHrn.  aftlu  /ml.  ef  Elect.  Etigineen  (February  1907),  vol.  xxxviiL 

r  iCoOgk' 
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plates  0.50  mm.   in   thickness,  and  at   frequencies  from   25   to   60 
are  given  by  the  ordinates  of  the  curve  in  Figure  81. 

To  present  a  comparison  of  the  "ordinary"  and  "alloyed"  grades 
of  iron  sheets.  Figure  81  has  been  drawn.    The  curves  are  plotted  for 


0  aOOO         4C0D  6000         9000        10,000      12,000       14,000       16,1X0 

Flux  dcDiiiy  in  lina  pet  iq.  cm. 
FlU.  Si.— Core  loss  for  alloyed  iron  plates  0.5  mm.  thick. 

50  periods,  and  the  lower  one  is  that  for  a  modem  sheet  of  special 
alloy,  while  the  upper  curve  is  for  a  sheet  which  was  until  recently 
considered  as  being  of  first  rate  quaUty.  Curves  showing  the  loss  in 
both  new  and  old  grades  of  iron  as  a  function  of  thickness  of  the  plate 
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Fliuc  dtnsily  in  lines  per  sq.  cm. 
Fia.  82. — Core  loss  for  ordinary  and  alloyed  iron.     /=0'S  mm.  5o~'. 

have  been  plotted  in  Figure  83,  for  B  =  10,000,  and  50  -~.  As  compared 
with  ordinary  transformer  iron,  the  curve  for  alloyed  iron  is  flat  The 
practical  importance  of  this  is,  of  course,  very  great,  as  it  follows  that 
lamination  need  not  be  carried  down  to  anything  like  the  d^ree 
necessary  with  ordinary  iron. 
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With  alloyed  iron  the  standard  practice  for  frequencies  up  to  60^ 
b  to  use  o-s  mm.  sheets.  By  increasing  the  flux  density  a  smaller 
weight  of  core  will  be  necessary  than  that  required  for  a  transformer 
constructed  of  ordinary  iron  and  having  the  same  loss. 


ThicVoeB 
Fig.  83. — Core  loss  in  sheets  of  vsri 


=:==S^=: 

-' 

jmiSS^  =  = 

IS  thicknesses  tax  B  =  ic 


Core  Loss  and  Shape  of  E.M.F.  Wave.— In  deriving 
equation  (iz)  for  the  eddy  cunent  loss  it  nas  assumed  that  the  induced 
E.1A.F.  varif^  as  a  simple  sine  law;  but  if  such  an  assumption  is  not 
valid,  the  formula  of  eddy  current  loss  per  Icilc^ramme  must  be 
written  in  the  form 

W,=  1.8  X  io-» .  V-  ~*  ■  B„*  .  /*  .  K,  watts, 

where  >,  denotes  the  form  factor  of  the  induced  E.M.F.     'llie  total 
iron  loss  per  kilogramme  will  then  be  expressed  by 
W,=  K.  {12.8  XIO-*. 7,.  BJ«.~+ 1.8  xio-«.V--^-B„»./*}  watts. 

Now  the  primary  counter  cm.f.,  E,  is    related  to   the  maximum 
induction  B„  in  the  core  by  the  equation 

E^  =  4 .  ^1 .  X. .  ~ .  A.B„ .  io-»  volts, 

where  A  denotes  the  net  area  of  cross-section  of  iron  in  the  core.     Sub- 
E,. 


stitutii^  the  value  of  B^^ 
total  iron  loss  becomes 
W,=  K, 


4. >,.'!> 


n  the  former  equation,  the 


This  last  equation  shows  that  the  value  of  the  hysteresis  loss 
dep«ids  upon  the  vrave  form  of  the  primary  E.M.F.,  whereas  the 
eddy  current  loss  is  independent  of  the  form  factor,     llie  total  core 
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lo3s  of  a  transformer  is  therefore  not  an  absolutely  fixed  quantity,  but, 
for  a  given  R.M.S.  value  of  applied  pressure,  varies  nearly  inversely  as 
the  form  factor.  Now,  in  connection  with  the  E.M.F.  equation  for 
alternators,  it  is  shown  that  for  a  given  R.M.S.  value  the  form  factor 
of  a  peaked  wave  is  greater  than  for  the  corresponding  sine  wave,  while 
a  flat-topped  wave  gives  a  smaller  form  factor  than  a  pure  sine  curve. 
Hence,  for  minimum  iron  losses  a  peaked  E.M.F.  wave  is  preferable. 
A  wave  having  a  high  form  factor  would,  however,  put  a  greater 
strain  on  the  insulation  than  a  sine  wave  of  the  same  effective  value. 
As  a  compromise  between  minimum  iron  loss  and  minimum  insulation 
stress,  the  primaries  of  transformers  should  be  connected  to  supply 
mains,  the  E.M.F.  wave  form  of  which  deviates  but  little  from  a  pure 
sine  curve. 

Testing  of  Transformer  Iron.— Before  being  employed  for 
the  construction  of  transformers,  consignments  of  iron  plates  should  be 
tested  for  eddy  current  and  hysteresis  loss.  The  usual  method  of 
testing  is  to  make  up  a  sample  of  given  weight,  surround  it  with  a  coil 
having  a  known  number  of  turns,  and  measure  the  iron  loss  when  the 
core  is  excited  to  a  given  induction.  Several  instruments  have  been 
devised  for  this  test,  but  the  most  reliable  one  is  that  due  to  Professor 
Epstein  of  Frankfurt  It  is  this  apparatus  which  is  recommended  in 
the  Standardisation  Rules  on  Iron  Testing,  drawn  up  by  the  German 
Association  of  Electrical  Engineers. 

In  Epstein's  apparatus,  shown  in  Figure  84,  the  sample  laminations 
are  made  up  into  four  cores,  each  having  a  length  of  500  mm.  and  a 
cross-section  of  30  mm,  by  about  25  mm.  and  a  mass  of  2,5  kilo- 
grammes. In  constructing  the  cores  the  individual  laminations  are 
insulated  from  one  another  by  tissue  paper,  and  each  bundle  of 
laminations  bound  together  with  tape.  The  four  cores  are  fitted 
together  so  as  to  form  a  square,  and  are  secured  in  position  by  wooden 
clamps  placed  at  each  corner.  To  avoid  any  additional  eddy  current 
loss  which  might  be  caused  by  contact  between  two  sets  of  plates,  a 
sheet  of  press- spahn,  1.5  mm.  thick,  is  inserted  at  each  butt  joint. 

Each  core  is  placed  in  a  fixed  magnetising  coil  C,  which  consists  of 
150  turns  of  copper  wire  having  a  cross-sectional  area  of  14  square 
mm.,  and  is  wound  on  a  press-spahn  tube  P  of  internal  dimensions 
38  by  38  mms.,  and  435  mm.  long.  The  four  coils  are  connected 
in  series  across  the  terminals,  the  apparatus  having  a  resistance  of  about 
0.18  of,an  ohm. 

To  measure  the  iron  loss  of  the  samples,  the  instrument  is  con- 
nected to  a  source  of  suitable  pressure  and  frequency,  a  wattmeter, 
ammeter,  and  voltmeter  being  inserted  in  the  circuit.  The  E.M.F. 
wave  form  of  the  supply  circuit  should  as  nearly  as  possible  be  a  sine 
curve,  and  special  care  must  be  observed  to  select  a  wattmeter  which  is 
correct  at  low  power  factors.    The  core  loss  for  various  flux  densities 
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is  obtained  by  varying  the  pressure  applied  to  the  terminals  of  the 
windings,  the  corresponding  flux  density  B„  being  obtained  from  the 
equation  B  =  4.44  'r~B«xAxio-8  volts,  where  A  is  the  area  of 
cross-section  of  the  iron  and  E  the  vector  diiference  between  the 
applied  E.M.F.  and  the  IR  drop.  The  latter,  however,  is.  so  small 
that  the  component  in  phase  with  the  counter  e.m.f.  may  be 
neglected.  As  the  power  to  be  measured  is  very  small,  precautions 
should  be  taken  to  elimioate  the  losses  occurring  in  the  instruments, 
the  voltmeter  switch  being  left  open  when  observations  are  made  by 
the  wattmeter  and  the  ammeter. 

The  effect  of  inserting  the  insulations  at  the  butt  joints  will  be  to 
increase  the    magnetising  current,  but  there  will  be  no  appreciable 


Fig.  84. — Epstein's  iron  testing  apparatus 


difference  in  the  power  absorbed.  From  a  knowledge  of  the  mass  of 
iron  in  the  sample  being  tested,  the  toss  per  kilt^ramme  at  any  stated 
induction  and  frequency  can  be  computed  from  the  wattmeter  readings 
and  curves  plotted,  such  as  are  shown  in  Figures  lio  to  83. 

In  the  German  rules  the  watts  lost  per  kilogramme  for  B.= 
10,000  lines  per  square  centimetre  and  50—  is  termed  the  "Figure  of 
loss,"  and  since  the  eddy  currents  decrease  with  rising  temperature 
this  value  must  be  determined  at  a  definite  temperature,  which 
is  fixed  at  30°  C.  By  the  adoption  of  this  standard  the  relative 
merits  of  various  grades  of  iron  can  be  easily  compared.  For  ordinary 
transformer  iron  and  alloyed  iron  of  0.5  mm.  thickness  the  figures  of 
loss  are  3.4  and  1,8  watts  respectively. 

Epstein's  apparatus  may  also  be  employed  to  discriminate  between 
the  losses  due  to  hysteresis  and  eddy  currents  at  constant  induction. 
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This  is  done  by  gradually  reducing  the  frequency  and  observing  the 
corresponding  values  of  core  loss,  the  flux  density  being  maintained 
at  the  desired  value  by  decreasing  the  voltage  so  that  the  r^tio  of  volts 
to  frequency  is  kept  constant.  The  quotient — watts  -=-  frequency — when 
plotted  as  a  function  of  the  frequency,  gives  the  straight  line  AB 
of  Figure  85,    The  hysteresis  loss  per  cycle  is  represented  by  the 


ordinate  OC,  C  being  the  point  where  AB,  produced  backwards,  cuts 
the  ordinate  reference  axis. 


Efficiency 

Let  W  denote  the  watts  output  from  the  secondary  of  a  trans- 
former, and  W,  and  W,  the  watts  expended  in  the  copper  and  iron 
losses  respectively,  then  the  efficiency  expressed  as  a  percentage  is 
given  by  the  equation 

Per  cent.  efficiency  =  ^.^^ -^^^^  x  100 

The  form  of  the  curve  showing  the  variation  of  efficiency  with  the 
output  will  depend  upon  the  relative  value  of  the  various  losses. 
Owing  to  the  small  resistance  drop,  the  counter  e.m.f.  of  the  primary 
is  approximately  equal  to  the  applied  pressure.  Now,  if,  as  is  normally 
the  case,  the  latter  be  mdntained  constant,  the  counter  e.m.f.  must 
also  be  approximately  constant  The  constancy  of  the  latter  involves 
a  constancy  of  the  magnetic  flux  *  (equation  (i),  page  64),  so  that 
the  core  loss,  which  depends  on  the  value  of  4>,  will  remain  nearly 
constant  at  all  loads.  Theoretically  there  will  be  a  slight  decrease 
with  increasing  load,  caused  by  the  increasing  resistance  drop. 

The  efficiency,  which  is  zero  at  no-load,  increases  with  the  output 
as  shown  in  Figure  86,  attaining  a  maximum  for  that  output  at  which 
the  copper  and  iron  losses  are  equal.  That  maximum  efficiency 
corresponds  to  equality  of  copper  and  iron  losses  may  be  proved  as 
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follows.  Let  Ejl^  cos  ^  denote  the  output  from  the  secondary,  PR 
the  total  copper  loss,  and  C  the  constant  or  iron  loss.  The  efficiency 
is  then 

_  EJj  cos  ^  .     > 

''     EXcos^+l*R  +  C ^ '*' 

The  efficiency  will  be  a  maximum  when  t?  =  o 

Differentiatir^  this  equation  with  respect  to   I„  and  placing  the 
differential  coefficient-co, 

E,  cos  +  (EJ,cos^  +  l*R  +  C)  =  EXcos<^(E,cos  ^+s  IR), 

orC  =  I''R, 

i.e.  the  efficiency  is  a  maximum  when  the  sum  of  the  copper  losses 

equals  the  core  loss.    Transformers  which  are  operated  continuously 
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Fio.  86.— EfScienc;  curves  for  SO-K.V.A,  transTormei. 

at  full-load  should  therefore  be  designed  so  that  the  iron  loss  equals 
the  full-load  copper  loss. 

All-day  Efiiciencj. — Transformers  for  lighting  loads  usually 
hai-e  theii  primaries  permanently  connected  to  the  supply  mains,  and 
are  generally  operated  at  less  than  quarter  fuU-load  during  the  greater 
part  of  the  twenty-four  hours.  For  such  work  the  efficiency  at  full  load 
is  only  of  secondary  importance  as  compared  with  the  all-day  efficiency 
which  is  expressed  by 

K.W. -hours  output  per  24  hours 
K.W.-hours  output  per  24  hours  -H  K.W, -hours  to  cover  losses 
The  copper  loss,  being  proportional  to  the  square  of  the  secondary 
current,  will  be  small  at  light  loads.  The  iron  losses,  on  the  other  hand, 
are  of  the  same  magnitude  at  all  loads,  and  will  have  a  greater  influence 
00  the  all-day  efficiency  than  the  copper  loss.  It  is  therefore  desirable 
to  reduce  the  iron  losses  to  the  commercial  limit 
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As  a  concrete  example,  consider  two  50-K.W.  transfonnera  A  and 
6,  having  a  full-load  efficiency  of  97  and  965  per  cent,  respectively. 
Suppose  that  at  full-load  the  copper  and  iron  losses  of  transformer  A 
each  equal  750  watts,  while  in  transformer  B  the  full-load  iron  loss  and 
copper  loss  are  500  and  1250  watts  respectively.  Further,  suppose  that 
the  average  output  per  34  hours  for  each  transformer=  250  kilowatt- 
hours,  equivalent  to  full-load  for  5  houre  and  no-load  for  19  hours. 
The  all-day  efficiency  of  the  two  transformers  will  then  be  as  calculated 
below. 


Transformer  A. 

Full-Io«d  efficiency        .         .        . 

ToUl  eneigy  output 

Iron  lots  (24  liours) 

Copper  loss  (5  hours)    . 

K.W.-hours  input 

All-day  efficiency.         .         .         . 

97  per  cent. 
250  K-W.-hours. 
18        „ 
3-7S    >. 
271.75    » 
92  per  cent. 

ZSO  K.W..houi». 

6.25    !! 
a68.as     .. 
93.3  P"  cent. 

The  transformer  giving  the  higher  full-load  efficiency  has  thus  a 
smaller  alt-day  efficiency.  To  increase  the  latter  it  is  necessary  to 
diminish  the  iron  losses.  With  a  fixed  frequency  this  can  be  attained 
by  adjusting  either  the  area  of  cross-section  of  the  iron  or  the  value  of 
flux  density.  As  either  procedure  necessitates  a  larger  number  of 
primary  and  secondary  turns,  the  copper  losses  will  consequently  be 
increased.  There  is,  however,  a  limit  to  the  latter  set  by  considerations 
of  regulation — which  will  not  admit  of  too  great  a  copper  loss  at  full- 
load,  on  account  of  the  attendant  drop  of  secondary  pressure. 

Lighting  transformers  should  be  designed  to  give  a  h^h  efficiency 
firom  10  per  cent  of  full-load  upwards,  the  efficiency  attaining  its 
maximum  value  at  about  one-half  full-load.  Transformers  for  power 
work  are  nearly  always  operated  at,  or  near,  full-load,  and  the  copper 
loss  should  then  be  approximately  equal  to  the  core  loss.  This  will 
give  an  efficiency  curve  which  is  not  quite  so  flat  as  that  for  a  lighting 
transformer.  That  such  is  the  case  will  be  clear  from  F^ure  86,  whidi 
pves  the  efficiency  curves  for  the  two  transformers  A  and  B  mentioned 
above. 

The  maximum  efficiencies  which  may  be  obtained,  under  ordinary 
commercial  conditions,  with  transformers  of  outputs  ranging  from  i 
to  800  K.W.,  are  given  by  the  ordinates  of  the  curves  in  Figure  124, 
page  171. 

Efficiency  Tests.— (i)  Direct  J/i/Aorf.— The  direct  method  of 
determining  the  efficiency  of  a  transformer  is  by  connecting  the 
secondary  to  a  suiuble  load,  and  measuring  by  the  aid  of  two  watt- 
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meters  the   primary  input  W^  corresponding  to  a  secondary  output 

W^  The  percentage  efficiency  is  then  expressed  by  tj  per  cent  =  loo  ^^. 

With  a  non-inductive  load  Ihe  secondary  output  could  Ije  measured  by 
an  ammeter  and  a  voltmeter,  but  for  obtaining  the  primary  input  a^ 
wattmeter  must  always  be  used. 

(j)  Measuring  Lossts  separately. — If  large  units  be  tested  in  the 
above  manner  the  energy  absorbed  would  render  the  tests  very 
expensive.  By  measuring  the  losses  separately  and  computing  the 
efficiency  from  the  known  output,  the  power  required  to  carry  out  the 
efficiency  test  will  be  reduced  to  a  minimum.  This  method  is  therefore 
ihe  one  invariably  adopted  in  practice.  Again,  since  a  small  percentage 
error  in  measuring  the  losses  will  afTect  the  accuracy  to  a  much  smaller 
extent,  it  follows  that  the  efficiency  by  this  method  can  be  determined 
with  a  greater  degree  of  accuracy  than  when  it  is  derived  from  measure- 
meats  made  upon  the  total  input  and  output. 

The  ^arv  loss  is  determined  by  connecting  the  low  voltage  winding 


Fig.  87.— Diagram  of 


to  a  suitable  supply  G,  a  voltmeter  V,  and  a  wattmeter  W  being  inserted 
in  the  circuit  as  shown  in  Figure  87.  With  the  high-tension  winding 
on  open  circuit  and  the  primary  E.M.F.  adjusted  to  its  normal  value 
E„  ttie  core  loss  is  given  by  the  wattmeter  reading  W  (neglecting  the 
energy  consumed  by  V),  Theoretically  this  also  includes  the  copper 
loss  due  to  the  no-load  current  in  the  low  tension  winding,  but  the 
loss  due  to  this  cause  is  almost  negligible. 

The  copper  loss  obtained  by  sending  a  direct  current  through  each 
winding  and  observing  the  drop  of  potential  is  generally  found  to  be 
less  than  the  actual  value.  This  is  due  to  the  fact  that  under  normal 
conditions,  eddy  currents  are  induced  in  the  solid  copper  conductors  and 
the  power  so  consumed  must  be  added  to  the  copper  loss.  To  include 
this  eddy  current  loss,  the  best  plan  is  to  measure  the  copper  loss  as 
■  follows.  Referring  to  Figure  88,  the  secondary  terminals  are  short- 
circuited  by  heavy  cable  X,  and  the  primary  connected  to  a  low-voltage 
supply  G  of  the  required  frequency,  an  ammeter  A,  voltmeter  V,  and 
wattmeter  W  being  connected  to  the  circuit.  The  current  in  the 
wiodings  is  controlled  by  the  supply  voltage,  and  the  copper  losses 
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corresponding  to  various  currents  are  then  obtained  from  the  wattmeter. 
The  measurement  of  the  PR  loss  should,  if  at  all  convenient,  be  made 
at  the  end  of  a  full-load  run,  the  temperature  then  beit^  the  same  as 


that  under  normal  working  conditions.  Having  obtained  the  core  an 
copper  losses  as  explained  above,  the  efficiency  of  the  transformer  i 
various  loads  may  be  computed  as  set  forth  below. 


Efficibncy  Test  of  a  aoo-K.V.A.  Transformer. 
Primaiy  vo1U=:2acx>.    Secondaiy  volt5  =  440.     Core  1<»»=  1040  watU. 


Primary  Carrent. 

K.W.  In- 
I^"mary. 

I'R  Walls 
(from  Test). 

Core  Loss 
Watts. 

1040 

K.W.  Out. 
Secon^. 

Effidency 
per  Cent,- 

no  amps.  .        . 

240 

i860 

237 

98.5 

9*    ,.      .        . 

M2.4 

•3SO 

1040 

200 

98.5 

60    „       . 

13* 

560 

1040 

130-4 

98.5 

40    „      . 

88 

2S0 

1040 

86.7 

98.0 

20    ..      -        - 

44 

62 

1040 

42.9 

97-5 

■0    „      .        . 

" 

1    '^ 

1040 

20.9 

,5.0 

Sumpner's  Test  on  two  Transformers. — When  two  similar 
transformers,  built  to  the  same  design,  are  available,  the  usual  practice 
is  to  determine  the  efficiency  by  a  method  proposed  by  Dr.  Sumpner. 
The  special  feature  of  this  test,  which  is  analogous  to  the  Hoplcinson 
method  of  testing  direct-current  machines,  is  that,  as  each  of  the  two 
transformers  being  tested  supplies  power  to  the  other,  the  energy  required 
from  the  supply  circuit  is  only  that  necessary  to  make  up  the  losses 
in  the  two  transformers,  even  though  they  are  fully  loaded.  The  method 
of  carrying  out  the  test  is  as  follows. 

Referring  to  Figure  89,  the  low-tension  windings  of  the  two  trans- 
formers T,  and  T,  are  connected  to  an  alternating  current  supply  G. 
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The  high-tension  windings  are  connected  in  opposition,  so  that  the 
ptessure  generated  in  each  tends  to  send  a  reverse  current  through 
the  other.  If  the  pressure  applied  to  both  the  low-tension  windings 
be  the  same,  no  current  will  flow  in  the  circuit  formed  by  the  high- 
tension  windings.  In  order  that  a  current  may  flow  through  these 
windings,  an  auxiliary  transformer  Tj  is  connected  in  series  with  the 
low-tension  winding  of  T,,  in  such  a  manner  that  it  adds  to  the  supply 
voltage  and  causes  the  pressure  applied  to  T^  to  exceed  that  to  Tj. 
The  secondary  induced  E.M,F,'s  will  therefore  be  unequal,  and  the 
current  circulating  through  the  high-tension  coits  will  be  in  direct 
proportion  to  the  secondary  voltage  of  Tj,  The  voltage  of  the  auxiliary 
transformer  may  be  varied  by  a  resistance  or  impedance  coil  R,  con- 
nected in  series  with  the  primary  winding,  which  is  connected  to  the 
supply  drcuit. 

When  the  two  low-tension  coils  are  connected  direct  to  the  supply, 


Fig.  89.— Diagi 


for  Sumpner's  efficiency  t< 


the  power  talien  from  the  latter  is  equal  to  the  sum  of  the  iron  losses 
in  the  two  transformers,  and  may  be  measured  by  the  wattmeter  W,. 
To  load  the  transformers,  the  primary  of  Tg  is  connected  to  the  supply, 
and  by  adjusting  R  any  desired  current  may  be  made  to  flow  in  the 
transformers  T,  and  T,. 

The  power  supplied  by  the  auxiliary  transformer  Tj  is  that 
conesponding  to  the  copper  loss  occurring  in  both  the  trans- 
formers, and  is  measured  on  the  wattmeter  W^,  and  should  be 
obtained  for  values  of  primary  current  up  to  about  25  per  cent, 
overload. 

The  method  of  calculating  the  efficiency  of  each  transformer  from 
the  test  results  is  set  forth  below,  half  the  total  losses  being  allocated 
to  each  transformer,  The  data  relates  to  two  zjs-K.V.A.,  6450/390 
volts,  as-cycle  single-phase  transformers,  the  design  daU  of  which  is 
given  at  the  end  of  Chapter  V. 


DigiLizedbyGoOglc 


ALTERNATING  CURRENT  MACHINERY 


Ei'PiciBNCv  OF  Two  235'K.V.A.  Transformers  bv  Sumfnbr's  Test. 

Combined  iron  loss  =  3.5  K.W.     lion  loss  for  each  tran!>former  =  Wf=l. 75  K.W. 

Secondary  volts=390=Ei. 


Per  cent, 
of  Full- 
Load. 

Secondary 

k|f 

r? 

Secondary 

TXi 

t'l? 

Current  L. 

I,E^  =  W. 

mi 

1 » 

0.0s  K.W. 

W 

10 

60  amps. 

23-5  K.W. 

i.So  K.W. 

9Z.0  per  cent. 

25     -    . 

58-5     .> 

1.90      „ 

96.S       .. 

X5  :: 

175        .. 

9«.o      ,. 

«5     ■    ■ 

75°     .> 

290       .. 

+0      " 

5-75     .. 

980      .. 

Heating  and  Methods  of  Cooling 
When  a  transformer  or  other  electrical  machine  is  loaded,  the 
enei^  expended  in  the  iron  and  copper  losses  is  converted  into  heat, 
with  the  result  that  there  is  a  rise  in  teraperatuie  of  the  various  paits 
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Fig.  90. — Heating  curves  of  7.5  K.V.A.  air  .cooled  transformer  of  the  core  type. 

above  that  of  the  sunounditig  air.  When  the  loatl  is  6i^t  applied 
there  will  be  very  little  heat  radiated,  so  that  the  temperature  rises 
rapidly.  As  the  heating  proceeds  the  transformer  begins  to  give  out 
heal  through  (x)nvection,  conduction,  and  radiation,  with  the  result 
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that  the  temperature  increases  less  rapidly  than  at  the  initial  stage. 
For  a  given  expenditure  of  energy  the  temperature  will  ultimately 
attain  a  steady  value,  this  condition  being  reached  when  the  rate  of 
generation  of  heat  is  equal  to  the  rate  of  cooling.  The  steady  tempera- 
lure  to  which  any  part  of  the  machine  will  rise  depends  upon  the 
ra^nitude  of  the  losses,  the  extent  and  nature  of  the  cooling  surfaces 
provided,  and  the  facilities  afforded  for  cooling.  The  curves  of  Figure 
90  show  for  a  7.5  K.V.A.  core  type  transformer  the  temperature  rise 
of  the  core  and  windings  as  a  function  of  time,  and  these  may  be  taken 
as  typical  for  sizes  up  to  about  100  K.V.A. 

When  the  heated  body  is  completely  homogeneous  and  the  cooling 
of  its  whole  outer  surfaces  is  uniform,  the  curve  of  temperature  rise 
is  an  exponential  (Fig.  91),  the  ultimate  temperature  being  approached 
asymptotically.     Now,  if  T/  denote  the  maximum  or  final  temperature 
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Fir..  91. — Heating  and  cooling  curves. 

rise,  and  t"  the  value  of  the  temperature  rise  at  the  end  of  any  time  /, 
then  the  relation  between  these  quantities  may  be  represented  by  the 
equation 

//  =  T/(r-."^) 

where  «  "  2.718  is  the  base  of  the  Naperian  logarithms,  T  is  the 
time  constant  of  the  equation,  and  is  a  measure  of  the  lime  in  which 
the  total  mass  being  heated  would  reach  the  final  temperature  if  there 
were  no  heat  lost  by  conduction,  convection,  and  radiation  due  to 
rise  of  temperature. 

By  differentiating    the  above  equation   with    respect    to    t,   and 
puttlt^  t=o 

dt:  ~ ' 


dt  °  T 


=  tan^.    (Fig.  91.) 


Hence  at  the  commencement  of  healing  the  slope  of  the  temperature 
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curve  is  dependent  only  on  the    heat  generated  and  the  thermal 
capacity  of  the  body.     From  the  latter  expression  it  follows  that 
T^  ^  Heat  capacity  of  the  body^ 
T,"     Heat  generated  In  the  body 
and  since,  when  a  steady  temperature  Is  reached,  all  the  heating  losses 
are  dissipated,  the  final  rise  in  temperature  is  expressed  by 

=  const  I'^*' gs"^"'^<i_.  K        Watts  lost 

'  Cooling  surface         *  Cooling  surface 
where  K  denotes  the  heating  coefficient. 

Since  the  temperature  curve  is  an  exponential  function,  theoretically 
it  will  take  an  infinite  time  to  attain  the  maximum  value  T/ ;  but  at 
any  time  short  of  this  the  temperature  rise  will  be  a  fraction  of  that 

maximum,  namely,  that  fraction  indicated  by  the  factor  (i-c^). 
For  all  practical  purposes  the  machine  may  be  assumed  to  have  reached 
its  final  temperature  when  the  actual  temperature  rise  at  time  t  is  within 
from  1.5  to  i.o  per  cent,  of  the  maximum  rise,  this  being  well  within 
the  limit  of  error  that  is  possible  when  making  the  temperature  observa- 
tions. When  the  temperature  rise  t°  is  within  x  per  cent  of  the  final 
T,*  value,  then 


T,° 


»d(,-^.) 


The  values  of  :>:  as  calculated  from  this  equation  are  tabulated 
below,  and  it  will  be  observed  that  after  a  time  4  T  the  temperature  is 
within  2  per  cent,  of  its  theoretical  final  value,  and  may  therefore  be 
regarded  as  constant.  The  time  during  which  a  transformer  must  be 
fully  loaded,  before  it  will  attain  its  approximate  final  temperature, 
ranges  from  about  12  hours  in  small  sizes  of  100  K.V.A.  or  less  to  34 
or  48  hours  in  the  largest  sizes. 


Time   .     . 


2.3  T 


3T 


3MT 


3-5  T       3-9  T 


S.3T    I 


Maximum  Permissible  Temperature.— The  maximum  tem- 
perature to  which  any  part  of  a  transformer  may  attain  must  be  such 
that  the  insulation  does  not  deteriorate,  and  that  no  appreciable 
increase  occurs  in  the  core  loss  due  to  ageing  of  the  iron.  Should  the 
winding  be  maintained  at  a  temperature  of  90°  C-  or  upwards,  the 
insulation    rapidly  deteriorates    both    as    regards  its    electrical    and 
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mechanical  properties.  Cotton  and  other  fibrous  materials  used  for 
insulating  the  electrical  conductors  become  chaned,  and  cnimbte 
away  when  subjected  to  the  least  mechanical  strain,  so  that,  although 
the  insulation  may  still  remain  comparatively  high,  the  possibility  of  a 
brealcdown  is  considerably  increased.  Some  engineers  have  suggested 
the  exclusive  use  of  such  insulating  material  as  mica  or  asbestos,  which 
may  be  subjected  to  as  high  a  temperature  as  120°  C.  without  the 
slightest  deterioration.  But  suppose  the  windings  were  allowed  to 
attain  such  a  high  temperature,  the  core  would  soon  become  heated 
to  about  the  same  degree.  This  would  accelerate  the  ageing  of  the 
iron,  and  cause  an  appreciable  increase  in  the  iron  loss. 

To  reduce  to  a  minimum  the  deterioration  of  iron  and  insulation, 
the  maximum  temperature  to  which  any  part  of  a  transformer  may 
attain,  when  working  continuously  at  full-load,  should  not  exceed 
80'  C.  at  the  most.  To  be  within  safe  limits,  the  usual  practice  in  this 
country  is  to  fix  70°  C.  as  the  maximum. 

The  permissible  temperature  rise  will  depend  on  the  temperature 
of  the  air  in  the  transformer  house,  which  in  Britain  has  an  average 
value  of  about  20°  C.  To  specify  a  maximum  temperature  rise  of 
50°  C  when  working  at  full-load  has  now  become  the  standard  practice. 
Of  course,  when  (ransfonners  are  built  for  use  in  tropical  climates, 
where  the  atmospheric  temperature  may,  at  certain  periods,  be  dose 
upon  40°  C-,  a  much  lower  temperature  rise  must  be  insisted  upon,  so 
that  under  nonnal  working  conditions  the  heating  does  not  exceed 
the  safe  limits  mentioned  above. 

Cooling  by  Natural  Draught. — Since  there  are  no  rotating 
parts  in  a  transformer,  the  cooling  facilities  are  very  poor  in  com- 
parison with  the  heat  generated,  and  the  output  is  entirely  limited 
to  that  current  which  the  winding  will  carry  without  the  permissible 
temperature  rise  being  exceeded.  Small  transformers  for  outputs  up 
to  about  zo  or  30  K.V.A.  offer  sufficient  cooling  surface  to  dissipate 
their  heat  by  the  natural  process  of  radiation,  and,  if  installed  in  dry 
situations  may,  as  a  protection  against  mechanical  injury,  be  enclosed 
in  perforated  sheet-metal  cases. 

Theoretically,  transformers  cooled  by  natural  draught  could  be 
designed  for  any  size.  Practically,  however,  the  limits  of  output  for 
which  the  natural  draught  type  can  be  built  are  very  narrow.  The 
reason  for  this  is  that,  as  the  size  of  the  transformer  increases,  the 
cooling  surface  per  unit  volume  decreases  rapidly,  and  accordingly 
also  the  iron  and  copper  densities  which  can  be  allowed  without  undue 
heating  under  operating  conditions.  Hence,  in  order  to  keep  down 
the  weight  of  active  material,  transformers  for  larger  outputs  than 
30  K.V.A,  must  be  cooled  by  some  artificial  means. 

Oil-immersed,  Self-cooling. — For  outputs  up  to  about  500 
K.V.A.  adequate  cooling  is  obtmned  by  placing  the  transformer  in  a 
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large  iron  tank  filled  with  a  special  insulating  oil.  As  the  latter  is  a 
belter  heat  conducting  medium  than  air,  heat  will  be  transferred  from 
the  transformer  to  the  walls  of  the  tank — and  from  thence  radiated  to 
the  external  air — more  easily  than  would  be  the  case  if  there  were  no 
oil.  For  this  purpose  a  mineral  oil,  obtained  by  the  fractional  dislillalion 
of  petroleum,  and  having  a  flashing-point  of  not  less  than  i8o'  C, 
should  be  employed  The  oil  must  be  free  from  moisture,  sulphur 
compounds,  and  all  traces  of  acid  or  alkali,  and  should  not  show  an 
evaporation  of  more  than  o.z  per  cent/  when  heated  to  100°  C  for 
eight  hours.  Vegetable  oils  should  never  be  used,  as  a  considerable 
deposit  of  carbon  takes  place  when  they  are  subjected  to  the  normal 
temperature  of  the  transformer. 

Besides  increasing  the  thermal  capacity,  the  use  of  oil  preserves 
the  insulation,  keeping  it  soft  and  pliable,  and  prevents  oxidation  by 
air.  As  an  insulator,  oil  has  a  disruptive  strength  several  times  that 
of  air,  and  is  of  particular  value  for  the  insulation  of  exposed  surfaces, 
which  in  air,  under  very  high  voltage  strains,  act  as  conductors.  The 
fluidity  of  the  oil  is  also  an  advantage,  in  that,  should  a  disruptive 
discharge  take  place,  the  oil  immediately  seals  up  the  fault  and  oflets 
the  same  insulating  strength  after  the  discharge  as  before.  The  oil- 
insulated  transformer  is  therefore  used  for  all  high-tension  work,  the 
natural  draught  type  being  confined  to  very  small  sizes  and  low 
voltages. 

With  oil-immersed  transformers  special  attention  should  be  given 
to  the  construction  of  the  containing  tanks,  as  they  must  be  entirely 
impervious  to  oil.  For  small  sizes  it  is  customary  to  use  cast-iron  tanks 
galvanised  or  enamelled.  For  larger  sizes  the  sides  are  generally  of 
corrugated  sheet  iron,  soldered  to  sheet  iron  bottoms  and  secured  in  deep 
grooves  to  top,  bottom,  and  castings.  Another  practice  is  to  make  the 
tank  sides  of  plain  sheet  iron  and  to  solder  cooling  ribs  to  the  outside. 
No  joints,  unless  soldered  or  welded,  are  safe  against  hot  oil,  nor 
will  painting  nor  any  such  treatment  permanently  ensure  oil-tightness. 
For  the  details  of  tank  construction  the  reader  is  referred  to  the  examples 
of  complete  transformers  given  at  the  end  of  the  next  chapter. 

Before  tilling  in  the  oil,  special  care  should  be  taken  to  drive  ofT  all 
moisture  from  the  core  and  windings.  This  can  be  accomplished  by 
heating  the  transformer  either  in  an  oven  maintained  at  a  temperature 
of  about  60°  C,  or  by  sending  a  current  through  the  windings.  In 
oil-insulated  types  there  is  the  possibility  of  the  formation  of  an 
explosive  mixture  of  oil  and  air  vapour,  which  in  the  event  of  ignition 
might  cause  considerable  internal  pressure;  but  e^qMiience  shows  that 
trouble  from  this  case  is  very  remote. 

Oil-immersed,  Water-cooled. — With  very  large  transformers, 
from  about  500  K.V.A.  upwards,  the  cooling  effect  obtained  from 
an  oil-filled  tank  would,  except  in  the  case  of  one  having  abnormal 
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dimensions,  be  inadequate.  Where  there  is  an  abundant  supply  of 
cheap  water  at  a  low  temperature  the  coolii^  may  be  supplemented  by 
water  circulation.  The  oil-immersed,  water-cooled  type  is  generally 
btiilt  wOh  a  cooling  worm  fitted  in  the  top  part  of  the  tank,  and  through 
which  the  cooling  water  circulates.  A  transformer  cooled  in  this 
manner  is  illustrated  in  Figure  92,  the  cooling  worm,  according  to  the 
output,  consisting  of  from  5  to  50  turns  of  thin-walled  brass  or  iron 
pipir^.  The  oil,  as  it  becomes  heated,  rises  from  the  centre  parts 
and,  after  giving  up  some  of  its  heat  to  the  water,  sinks  again  to  the 
bottom,  passing  close  to  the  sides  of  the  tank,  to  which  it  gives  up  the 
remainder  of  the  heat 


Fig.  92. — Oil-immeised,  water.cooled  transformer. 


The  quantity  of  water  required  for  cooling  is  derived  as  follows : — 
Let  ty  denote  the  temperature  of  the  water  at  inlet,  and  t^  that  at  outlet- 
Then  since  one  cubic  metre  of  water  weighs  ro*  grammes,  the  quantity 
of  heat  dissipated  per  cubic  metre  of  water 

=  10*  (Cj-Zi)  calories  =  4.2  X  io*(/j-/'i)  joules. 
Since    the    number   of    cubic    metres    required    per    kilo-joule 
,  the  volume    required    per    second    per    kilowatt 


4.2xioVi-'i)' 
dissipated 


•o'Ci- 


-.  cubic  metres. 


'1)    (.t^-h)^ 

The  standard  practice  is  to  allow  for  a  5*  rise  in  the  temperature 
of  the  cooling  water  from  inlet  to  outlet ;  hence,  for  each  kilowatt  to  be 
dissipated  the  quantity  of  water  required  is 


=  4-8  X 


■*  cubic  metres  per  second 


■=4.8  X10-*  litres  per  second 
=  40  gallons  per  hour. 


,  Google 
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Cooled  by  Air-Blast. — When  cheap  water  is  not  available,  large 
units  are  cooled  by  forcing  a  current  of  air  at  low  pressure  through 


air  ducts  i 
adopted  tc 


Fig.  93. — Transformers  cooled  by  dr  blast. 


1  the  core  and   coils.     This  method  of  cooling  has  been 
a  considerable  extent   in  large  sub-stations  where  several 


*Hi 


V^' 


Fig.  94. — Oil -immersed  transformer  cooled  by  air  blast. 

units  are  banked  together.     Referring  to  Figure  93,  the  transformer 
shown  with  the  case  in  section  is  erected  over  a  chamber  through  which 
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air  is  driven  by  a  fan  operated  from  the  low-tension  side.  The  air  enters 
at  the  base  of  each  unit  and  passes  upwards  through  ait  ducts  tn  the 
core  and  coils,  and  finally  leaves  the  case  by  apertures  in  the  cover. 
One  drawback  to  ccrolbg  by  air-blast  is  that  large  quantities  of  dust 
become  deposited  in  the  spaces  between  the  windings.  The  dust  may 
contain  impurities  which  attack  the  insulation,  and  tinatly  cause 
breakdown. 

The  air-blast  type  without  oil  insulation  is  the  one  that  has  hitherto 
mostly  been  used  under  such  circumstance,  but  its  safe  application  is 
limited  by  voltage.  A  further  disadvantage  with  this  type  is  that  it 
is  dependent  upon  the  continuity  of  the  air  supply,  since  if  this  fails  the 


Fig.  9S. 

transformer  would,  in  a  very  short  time,  attain  a  dangerous  temperature. 
To  partially  obviate  this  latter  risk,  and  also  to  permit  of  the  air-blast 
being  used  for  high-voltage  units,  oil-immersed  transformers  cooled 
by  air-blast  have  come  into  use.  Referring  to  Figure  94,  the  tank 
T  containing  the  transformer  and  the  oil  is  surrounded  by  a  cast-iron 
shell  S,  erected  over  a  ventilating  tunnel  in  the  floor.  The  blast  enters 
at  the  bottom  and  passes  to  the  top  by  way  of  the  space  left  between 
the  tank  and  the  outside  shell. 

The  formula  for  the  quantity  of  air  required  is  derived  as  for  water 
cooling,  page  125,  and  if  K.W.  denotes  the  power  in  kilowatts  to 
be  dissipated  by  the  blast,  then  for  a  10*  C.  difference  in  temperature 
between  inlet  and  ouflet  the  volume  of  air 

V^y.s  X  ro'.  K.W.  cubic  metres  per  second. 

r=   izcJbyGoOglC 
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An  example  of  a  very  efficient  method  of  cooling  is  shown  in 
Figure  95,  which  represents  a  6750-K.V.A.  3-phase  transformer,  by  the 
Siemens-Schuckert  Werke,  giving  66,000  volts  on  the  H.T.  side.  The 
transformer  case  is  just  high  enough  for  the  transfonner,  and  no 
attempt  is  made  to  cool  the  oil  in  the  case,  but  by  means  of  an  otl 
pump  a  definite  and  forced  circulation  within  the  case  is  induced, 
whilst  at  the  same  time  the  oil  is  effectively  cooled  by  passing  it 
through  an  outside  worm  immersed  in  water. 

Calculation  of  Temperature  Rise. — The  final  rise  in  tempera- 
ture of  any  part  of  a  transformer  will,  for  a  given  method  of  cooling, 
be  proportional  to  the  watts  lost  per  unit  area  of  radiating  surface,  and 
may  be  expressed  by  an  equation  of  the  form 

T-.K^ (is) 

where  W  —  watts  to  be  dissipated. 

A  =  cooling  surface  of  heating  body  in  square  decimetres. 
K  =  a  coefficient. 

The  value  of  K  will  be  equal  to  the  temperature  rise  per  watt  per 
square  decimetre  of  cooling  surface,  and,  for  a  given  type  of  construc- 
tion and  method  of  cooling,  should  be  determined  by  experimenL 

The  temperature  of  all  parts  cannot  attain  to  uniform  value.  There 
must  be  a  temperature  gradient  from  the  inside  to  the  surfaces  which 
are  in  contact  with  the  cooling  medium.  The  difference  between  the 
temperature  of  the  innermost  parts  and  that  at  the  surface  will  depend 
upon  the  thermal  conductivity  of  the  materials  through  which  the  heal 
must  flow.  In  the  case  of  the  core  the  flow  of  heat  takes  place  along  a 
continuous  metallic  path  in  a  direction  parallel  to  the  plane  of  the 
plates,  with  the  result  that  there  is  only  a  small  increase  in  temperature 
from  the  cooling  surface  to  the  centre. 

With  insulated  colls  the  temperature  gradient  is  more  marked  ;  for, 
owing  to  alternate  layers  of  insulation,  the  flow  of  heat  from  the  central 
parts  is  retarded  considerably.  For  a  given  depth  of  winding  the 
temperature  gradient  depends  upon  the  shape  of  the  cross-secdon  of 
the  conductors,  and  whether  the  transformer  be  air  or  oil  cooled. 
When  the  coils  are  wound  with  circular  wire  the  contact  area  between 
adjacent  layers  is  less  than  that  corresponding  to  a  square  or  rectangular 
cross-section,  and  the  flow  of  heat  will  take  place  with  less  facility. 
When  the  coiis  are  immersed  in  oil  the  latter  fills  up  the  interstices, 
and  the  heat  conductivity  from  wire  to  wire  is  considerably  improved. 
By  suitably  subdividing  the  coils,  arranging  air  ducts  between  them,  and 
immersing  the  transformers  in  oil,  the  heating  of  the  windings  can  be 
made  more  uniform,  so  that  the  temperatures  of  the  middle  and 
surface  layers  do  not  differ  by  more  than  10  or  12  per  cent 

In  addition  to  the  temperature  gradient  throughout  the  cross-section 
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of  the  core  and  coils,  there  is  also  a  sudden  drop  in  temperature  from  the 
surface  of  the  former  to  the  cooling  medium,  the  difference  in  temperature 
depending  upon  whether  the  cooling  medium  is  air  01  oil,  and  the 
manner  in  which  it  circulates  with  respect  to  the  heated  body.  With 
oil-cooled  transformers  the  heating  of  the  oil  is  not  uniform ;  for,  owing 
to  the  heated  oil  rising  to  the  top,  the  temperature  of  the  oil  at  the  top 
of  the  case  will  be  greater  than  that  at  the  boltom.  However,  as  it  is 
very  difficult  to  discriminate  between  the  temperature  of  the  various  parts, 
it  is  generally  assumed,  in  making  calculations  relating  to  the  heating 
of  a  transformer,  that  the  oil  has  a  uniform  temperature  equal  to  that  at 
the  top.  The  same  conditions  hold  for  transfonners  cooled  by  air  blast. 
From  the  above  statements  it  will  now  be  clear  that  the  temperature 
of  a  transformer  varies  from  point  to  point,  and  never  attains  a  uniform 
value  throughout  The  value  of  T°,  obtained  from  the  previous 
equation,  will  be  taken  to  represent  the  temperature  rise  of  the  hottest 
part  of  the  heated  body  above  that  of  the  cooling  medium  which 
passes  along  the  surface  of  the  former.  With  natural  air  cooling,  T* 
will  be  the  difference  in  temperature  between  the  hottest  part  of  the 
core  or  coils  and  that  of  the  external  air.  For  oil-cooled  transformers 
the  temperature  rise  should  be  determined,  firstly,  for  the  coils  and 
core  with  respect  to  the  oil ;  and  secondly,  for  the  oil  with  respect  to  the 
external  air  or  circulating  water  at  exit  if  a  cooling  worm  be  used.  In 
the  case  of  air-blast  the  temperature  rise  must  be  reckoned  with 
respect  to  the  exit  temperature,  which  latter  generally  exceeds  that  of 
the  external  air  by  about  10*  C. 

The  values  of  K  for  different  methods  of  cooling  are  set  forth  in 
Table  IX.,  and  these  figures  may  be  taken  as  representative  of  modem 
practice. 

Table  IX.— Tehpbbaturb  Rise  fek  Watt  fbr  Square   Obcihetre   for 
DIFFERENT  Methods  of  Coolihc,  %.e.  Value  of  K  ih  the  Equation 
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M^en  calculating  the  coolii^  surface  of  a  laminated  core,  only  the 
edge  surfaces  need  be  taken  into  account,  for,  owing  to  the  int^rening 
insulation  between  the  adjacent  plates  the  flow  of  heat  in  a  direction 
normal  to  the  plate  is  very  small  compared  with  that  along  the  plates. 
In  a  series  of  experiments  carried  out  by  T.  M,  Barlow  *  it  was  found 
that  in  an  electrically  heated  core  the  ratio  of  heat  conductivities  in 
either  direction  was  as  i  :  loo. 

For  determining  the  temperature  rise  of  the  oil  in  an  oil-cooled 
transformer  above  that  of  the  external  air  or  cooling  water,  the  energy 
transmitted  to  the  oil  as  heat  will  be  the  sum  of  the  iron  and  copper 
losses.  When  no  cooling  worm  is  used  the  volume  of  the  case  should 
be  such  that  the  radiating  surface  (including  ribs)  must  be  sufficient  to 
dissipate  all  the  heat  without  the  temperature  rise  of  any  part  of  the 
transformer  exceeding  50°  C,  above  that  of  the  surrounding  air.  To 
fulfil  this  condition  the  quantity  of  oil  required  per  kilowatt  ranges 
from  7  kilogrammes  in  transformers  of  10  K.W.  or  less,  to  3.5 
kilogrammes  in  those  of  5a  K.W.  output  or  more. 

Heating  Tests.— The  object  of  this  teat  is  to  ascertain  that, 
when  working  under  normal  conditions,  the  specified  temperature  rise 
shall  at  no  time  be  exceeded.  If  two  similar  transformers  are  available 
riiey  would  be  connected  up  as  for  Sumpner's  efficiency  test  (see 
page  119),  and  full-load  current  made  to  circulate  in  the  windir^  the 
magnetic  circuit  being  normally  excited.  The  temperature  measure- 
ments should,  in  the  first  instance,  be  made  by  thermometers  placed 
in  suitable  positions  on  the  core  and  windings. 

In  regard  to  the  temperature  of  the  core,  there  is  never  a  very  great 
difference  between  the  innermost  parts  and  the  surface,  so  that  the 
thermometer  readings  wilt  give  the  temperature  rise  with  sufficient 
accuracy  for  most  commercial  work.  In  the  case  of  the  windings, 
however,  there  is  generally  a  considerable  temperature  gradient  from 
the  middle  to  the  external  layers,  and  thermometer  measurements  are 
therefore  quite  unreliable.  The  thermometers  placed  against  the  coils 
should  only  be  used  to  indicate  when  a  steady  temperature  is  reached. 
The  average  temperature  rise  is  then  computed  from  resistance 
measurements  made  just  before,  and  immediately  after,  the  test 

When  conducting  heat  tests  a  great  saving  in  time  can  be  effected 
by  operating  the  transformers  at  considerable  overload,  which  is 
maintained  until  they  have  reached  the  estimated  final  temperature 
under  normal  working  conditions.  The  circulating  current  is  then 
reduced  to  its  full-load  value  and  kept  there  until  a  steady  temperature 
is  reached.  The  final  value  of  the  temperature  rise  when  the  trans- 
former is  normally  loaded  can  thus  be  correctly  estimated.  In  the  case 
of  transformers  designed  for  lighting  loads  it  is  quite  unnecessary  to 
'  Jeum.  of  the  Iiiil.  of  Elrcl.  Etpiutn  (1908),  vol,  xixiv.  p.  601. 


TRAl^FOHMEXS 


131 


continue  the  heat  run  until  a  steady  temperature  is  reached.  The 
duTation  of  the  test  with  fiilMoad  current  should  be  limited  to  the 
number  of  hours — on  an  average  about  five  or  six — during  which  the 
transfoTmer  is  likely  to  be  operated  continuously  at  full-load. 

When  only  one  transformer  is  available  for  testing,  a  continuous 
run  at  hill-load,  which  in  the  case  of  very  tai^e  units  may  extend  over 
several  days,  would  entail  a  large  expenditure  of  energy.  To  obviate 
this  the  usual  practice  is  to  give  the  transformer  a  preliminary  heating 
by  {facing  it  in  an  oven  maintained  at  a  temperature  of  about  60'  C, 
or  to  alternately  over-excite  the  core  and  send  about  twice  the  full-load 
currentthrough  the  windings,  one  circuit,  of  course,  being  short-circuited. 
When  the  estimated  temperature  rise  has  been  approximately  reached 
the  transformer  is  normally  loaded,  and  frequent  observations  made  to 
determine  when  a  steady  temperature  is  reached. 


A  better  method  of  obtaining  the  normal  iron  and  copper  losses 
with  a  power  expenditure  equivalent  to  the  losses  only  is  shown  in 
Figure  96.  The  primary  and  secondary  are  each  divided  into  two 
equal  sections.  The  secondary  sections  are  connected  so  that  their 
E.M.F.*9  oppose  each  other,  and  similarly  the  two  sections  of  the 
primary  are  connected  so  that  their  ampfere-tums  are  in  opposition. 
Owing  to  the  paralleling  of  the  two  primary  sections  the  primary 
applied  E.M,F.  must  be  reduced  to  half  its  normal  value,  so  that  the 
normal  induction  in  the  core  may  be  obtained.  For  reflating  the 
current  circulating  in  the  windings  a  small  auxiliary  transformer  T  is 
connected  in  series  with  the  secondary,  the  magnitude  of  the  currents 
being  controlled  from  the  primary  of  T,  To  adopt  this  principle  in 
3-phase  transformers,  both  primary  and  secondary  must  be  delta- 
connected,  the  auxihary  transformer  T  being  in  series  with  the 
secondaries  (Figure  97). 
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Transformers  for  Three-Phase  Circuits 

Star  and  Delta  Connections  compared.— Transformer  for 
3-phase  circuits  may  have  their  windings  connected  in  either  star  or 
delta.  The  latter  connection  is  preferable,  because,  should  one  phase 
develop  a  fault  and  be  automatically  cut  out  of  circuit,  the  supply  of 
3-phase  current  vill  still  be  maintained,  the  other  two  phases  taking 
up  the  load.  Had  the  windings  been  star  connected,  then,  under  the 
same  circumstance,  single  phase  current  would  be  delivered,  but  the 
motors  or  rotary  converters  connected  to  the  secondaries  would  be 
unable  to  cope  with  anything  like  their  full-load,  and,  moreover,  the 
supply  system  would  be  thrown  greatly  out  of  balance. 

With  the  star  connection  the  pressure  per  phase  is  about  58  per 
cent,  of  the  line  pressure ;  hence,  on  account  of  the  reduction  of 
insulation,  the  space  taken  up  by  the  high-voltage  windings  is  somewhat 
less  in  comparison  with  mesh-connected  transformers.  This  is,  of 
course,  a  distinct  advantage — espedally  when  dealing  with  line  pressures 
of  6600  volts  or  more.  A  frequent  practice,  in  the  case  of  step-down 
transformers,  is  to  connect  the  primaries  in  star  and  the  secondaries  in 
mesh. 

Primaries  connected  in  Mesh. — It  was  shown  in  the  previous 
chapter  that,  if  a  transformer  be  connected  to  a  single-phase  circuit 
havii^  a  sine  wave  of  E.M.F.,  the  magnetism  in  the  core  will  also  have 
a  sine-shaped  wave,  but  the  current  wave  will  have  a  third  harmonic 
produced  by  hysteresis  in  the  iron.  This  harmonic  is  always  present, 
though  its  relative  importance  diminishes  with  the  load.  Now,  the 
volt^e  waves  of  3-phase  generators  can  contdn  no  harmonics  having 
a  frequency  of  three — or  multiples  of  three — times  the  fundamental.* 
It  therefore  follows  that,  if  the  primaries  of  a  3-phase  unit  be  mesh- 
connected  and  the  curve  of  applied  pressure  sinusoidal,  the  sum  of  the 
magnetising  currents  round  the  mesh  will  not  be  zero.  There  is, 
therefore,  at  all  loads  a  local  current  circulating  in  the  delta  which, 
since  the  third  harmonic  is  the  more  pronounced,  is  approximately  sine- 
shaped  and  has  a  frequency  three  times  that  of  the  supply  pressure. 

Primaries  connected  in  Star. — Case  1. — For  star-connected 
primaries  thefirst.casetobeconsideredis  that  in  which  the  neutral  point 
is  connected  either  via  earth  or  through  a  fourth  wire  to  the  star  point 
,  of  the  generator  winding  (see  Figure  98).  If  the  voltage  curve  between 
each  main  and  the  neutral  point  be  sine-shaped,  then  the  magnetising 
current  wave  will  have  the  form  shown  in  Figure  59-  As  the  sum  of  the 
three  currents  cannot  then  be  zero,  a  triple-frequency  current,  which 
approximates  to  a  sine  wave,  will  flow  between  the  neutral  points  of  the 
generator  and  the  transformer. 

Case  3, — When  the  primary  windings  are  connected  in  star  with 
■  See  p.  2JS. 
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an  insulated  common  junction,  the  sum  of  the  three  currents  flowing 
into  the  latter  must  be  zero  at  any  instant.  The  magnetising  current 
wares  cannot  be  shaped  like  that  in  Figure  59,  since  this  latter  has  a 
large  third  harmonic.  The  curve  of  magnetic  induction  must  therefore 
be  modified  so  as  not  to  require  the  triple  harmonic  of  current.  This 
modification  of  flux  wave  is  equivalent  to  the  introduction  of  a  third 
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Fig.  98 — j.phase  transformer)  with  earthed  □euCral, 

bannonic  into  the  E.M.F.  wave  taken  across  the  terminals  of  each  phase, 
which  will  hence  be  of  a  diflerent  shape  to  that  across  the  lines.  The 
introduction  of  the  third  harmonic  will  cause  the  voltage  wave  for  each 
phase  to  become  peaked,  thus  increasing  the  effective  value  of  the 
voltage  per  phase  ^thoi^h  the  line  voltages  remain  the  same. 

From  these  statements  it  at  once  follows  that :  (i)  if  three  similar 


transformers — or  the  three  primaries  of  a  3-phase  unit — be  star  con- 
nected to  a  3-phase  supply  having  insulated  neutrals  and  a  sine  wave  of 
E.M  F.,  then  the  volts  per  phase  will  be  greater  than  — r^  the  voltages 

between  the  mains,  and  (2)  the  core  loss  of  a  star-connected  3-phase 
transformer  -will  be  less  than  that  when  the  same  transformer  is  delta 
connected  to  a  sine  wave  supply  having  -  \  the  voltage  of  the  previous 
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In  the  case  of  a  star-connected  ^-pbase  system,  the  phase  and  line 
voltages  canaot  in  general  be  represented  by  the  sides  of  an  equilateral 
triangle  and  the  three  lines  joining  the  angular  points  to  the  centre. 
They  can,  however,  be  represented  b?  the  edges  of  a  tetrahedron 
(Figure  99).    The  equilateral  triangle,  which  forms  the  base,  represents 
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Fig.  100. — Wave  forms  of  exciting  ci 


It  for  3-phase  Y-coDQected  [numfonacrs. 


the  three  phases,  and  its  centre  point  0  is  the  neutral  point  that  is 
obtained  by  connecting  three  equal  non-inductive  resistances  to  the 
supply  mains.  The  perpendicular  dropped  from  the  apex  A  to  the 
centre  O  represents  the  triple-frequency  voltage  generated  in  a  load  of 
a  transformer.     The  apex,  which  is  symmetrically  placed  with  r^aid  to 


Voliag«  carves  for  Y-conneclcd  j-pliase  Iransfomiers. 


the  supply  voltage,  forms  a  second  neutral  point,  and  differs  in  potential 
from  the  first. 

Some  interesting  curves  which  verify  the  above  conclusions  are 
given  in  Figures  100  and  101.  A  3-phase  star-connected  alternator, 
giving  a  sine  wave  of  E.M.F.,  supplied  current  to  the  star-connected 
primaries  of  three  single-phase  10-K.W,  transformers.    Curve  A  ii  the 
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form  of  the  m^^etising  current  per  phase  when  the  neutrals  ftre 
connected.  On  separating  the  neutrals  the  current  wave  charts  to  that 
shown  by  curve  B,  in  which  it  will  be  found  that  the  third  harmonic  is 
absent  The  maximum  value  of  the  current  has  been  reduced  about  25 
per  cent,  so  that  the  maximum  value  of  the  flux  has  also  been  reduced. 
Curve  C,  which  is  approximately  a  pure  third  harmonic,  shows  the 
current  flowing  in  the  neutral  connection.     As  this  current  is  the  sum  of 


Fig.  ioz. — 3- phase  Ic 

the  three  harmonics  in  the  line  wires,  it  is  approximately  three  times 
the  difference  between  curves  B  and  A.  Curves  D  and  E  (F^ure  loi) 
are  respectively  the  voltage  waves  taken  across  one  phase  of  the 
generator  and  the  corresponding  phase  of  the  transformers,  the  neutral 
points  being  separated.  Curve  £  has  a  distinct  third  harmonic,  and  a 
peak  value  40  per  cent  greater  than  curve  D. 

Three-Phase  to  Six-phase  Connections.— When  rotary  con- 


verters are  operated  from  the  alternating  current  side,  a  6'phase 
current  is  preferable.  Now,  in  most  cases  the  supply  will  consist  of 
a  high-pressure  j-phase  current,  so  that  it  will  be  necessary  to  transform 
to  a  low-pressure  6-phase  alternating  current.  This  transformation 
may  be  carried  out  as  diagram  mat  ical  I  y  shown  in  Figure  loz,  where 
P  represents  a  star-connected  primary  supplied  with  3-phase  current 
Each  transformer  or  each  core  of  a  3-phase  unit  is  wound  with  two 
liniilar  secondaries.     The   first  set  is  connected  in  star  by  the  con- 


,  Google 


136 


ALTERNATING  CURRENT  MACHINERY 


ductoi  D.  The  second  set  of  secondaries  is  also  coupled  in  star  (as  at 
E),  but  with  the  connections  reversed  to  those  of  the  first  set. 

With  these  connections  the  E.M.F.'s  of  any  two  adjacent  phases  have 
a  phase  difference  of  60  degrees,  and  if  the  two  star  points  be  connected 
together,  6-phase  current  will  be  obtained  from  the  terminals  i,  2,  3, 4.  Si 
and  6.  The  voltage  between  any  two  adjacent  terminals  is  equal  to 
the  voltage  of  any  one  phase,  and  the  phase  relationship  of  the  various 
terminal  E.M.F.'s  can  be  represented  by  the  sides  of  a  hexagon. 

Six-phase  current  could  also  be  obtained  by  connecting  the 
secondaries  in  double  mesh  (as  in  Figure  103),  the  windings  of  the 
second  set  being  connected  in  the  reverse  fashion  to  those  of  the  first 
set. 

Three-phase  to  Two-phase  Connections.— When  electrical 
energy  has  to  be  transmitted  over  long  distances  a  3-phase  system  is 
the  most  economical  as  regards  copper,  and  is  therefore  generally  used. 


onnKLion^  Vector  dUsriun- 

FlG.  104. — 2-ph>se  to  3'phase  transronnation. 

For  distributing  to  a  combined  load  of  lamps  and  motors  a  z-phase 
supply  is  to  be  preferred,  on  account  of  the  better  bdlities  for  maintain- 
ing the  T^ulation.  Hence  it  may  sometimes  be  necessary  to  transform 
from  a  3-phase  to  a  z-phase  system,  or  vice  versa.  Such  a  transforma- 
tion, effected  by  a  suitable  combination  of  two  single  transformers, 
has  been  devised  by  C.  F.  Scott,  and  is  shown  diagrammatical ly  in 
Figure  104.  Tj  and  Tg  are  the  two  transformers  the  primaries  of 
which  are  connected  to  a  4-wire  2-phase  supply  S.  One  end  of  the 
secondary  of  Tj  is  connected  to  the  middle  point  of  the  secondary  of 
Tg  so  as  to  leave  three  terminals  A,  B,  and  C  for  making  connection 
to  the  secondary  circuit.  The  E.M.F.'s  induced  in  the  two  secondary 
windings  have  a  phase  difference  of  90  degrees,  and  may  be  represented 
by  the  two  vectors  OB  and  AOC  set  at  right  angles  in  such  a  manner  that 
0A=sOC  The  voltage  between  the  terminals  A  and  B  is  represented 
by  the  vector,  AB,  and  is  the  resultant  of  the  two  quadrature  E.M.F.'s 
OB  and  OA,     Similarly,  the  vector  BC  represents  the  voltage  between 


TRANSFORMERS  137 

the  terminats  B  and  C.    Now,  if  the  number  of  turns  for  the  secondary 
windings  be  so  arranged  that  O  A  -   ?^  then  AB  =  BC  =  AC,  and  OB 


v^B'-d 


therefore  be  wound  for  a  voltage  0,867  times  that  of  the  secondary 
voltage  of  Tj.  Since  the  three  vectors  AB,  BC,  and  CA  form  the 
sides  of  an  equilateral  triangle  and  are  1 20  degrees  apart,  it  follows  that 
a  3-phase  current  will  be  obtained  from  the  terminals  A,  B,  and  C. 
The  above  describes  the  conversion  from  2-phase  to  3-phase,  but  the 
converse  is  also  true.  For,  b^  connecting  the  terminals  A,  B,  and  C 
to  a  3-phase  supply,  3-phase  current  will  be  available  ^  S. 

Transformers  in  Parallel — In  the  case  of  lai^e  supply  systems 
it  may  of^en  be  expedient  to  connect  a  number  of  transformers  in 
parallel ;  the  transformers  are  then  said  to  be  "  banked."  The  following 
are  the  requirements  for  satisfactory  operation  in  parallel 

1.  Exactly  the  same  voltage  ratio  at  no-load  for  different  tem- 
peratures. 

2.  The  same  impedance  voltage,  i.e.  the  voltage  required  to  circulate 
the  full-load  current  through  the  secondary  winding,  on  a  short-circuit  test 

Provided  the  above  conditions  are  fulfilled,  the  paralleling  of 
»ngle-phase  transformers  on  both  sides  presents  no  difficulties.  For, 
if  they  are  paralleled  on  the  primary  side,  their  secondary  voltages  may 
always  be  rendered  co-phasal  with  respect  to  the  external  circuit  by  a 
proper  mode  of  connection, — there  being,  in  fact,  only  two  possible 
cases,  one  being  that  of  phase  conjunction  and  the  other  that  of  phase 
opposition.  By  simply  reversing  the  connections  of  the  secondary  it 
is  always  possible  to  pass  from  one  case  to  the  other. 

This,  however,  is  not  the  case  with  j-phase  transformers,  for  with 
different  modes  of  connection  of  the  phases,  parallel  operation  of  the 
windings  from  both  sides  may  become  impossible.  To  illustrate  this, 
the  usual  methods  of  making  connections,  along  with  the  corresponding 
vector  diagrams,  are  shown  in  Figure  105,  The  small  arrows  in  the 
diagram  of  connections  indicate  the  direction  of  the  E.M.F.  which  is 
regarded  as  positive,  and  the  lettering  at  the  arrow  head  of  each  vector 
indicates  to  which  part  of  the  winding  the  vector  corresponds.  From 
the  vector  digrams  it  will  be  obvious  that  the  voltages  corresponding 
to  the  various  connections  are  out  of  phase  with  each  other.  In 
dealing  with  the  parallel  operation  of  transformers  on  both  sides  it  is 
convenient  to  consider  the  phase  relation  between  the  primary  and  the 
secondary  voltages.  The  smallest  angle  by  which  a  vector  of  secondary 
voltage  ia  in  advance  of  a  vector  of  primary  voltage  may  be  defined  as 
the  network  angle  of  the  transformer.  Three-phase  transformers  which 
have  to  be  operated  in  parallel  must  have  equal  network  angles,  other- 
wise large  (^ulating  currents  will  be  set  up  between  the  various  phases. 
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The  following  table  gives  the  network  angles  corresponding  to  ill 
possible  combinations  of  primary  and  secondary  connections : — 


Tablr  X.— Nktwork  Angl 

ES   FOR  THRBB-FHASE  TRANSFORMERS. 

Nclwork  Angl.. 

Zero. 
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Special  Forms  of  Transformers 
Auto-Transformer.— Where  the  voltage  of  the  hiEh-tension  side 
does  not  exceed  about  600  volts  and  the  transformation  ratio  is  small, 
the  secondary  winding  tnay  be  superposed  on  some  of  the  primary  turns, 
as  shown  In  Figure  106.  Such  an  anangement  is  known  as  an  aulo- 
transformer.  The  ends  of  the  turns  AB  form  the  primary  terminals, 
while  the  secondary  terminals  are  represented  by  the  primary  terminal 
A  and  another  one  C  connected  to  an  intermediate  point  of  the  winding. 
When  the  secondary  is  on  open  circuit  the  no-load  current  flows 
through  both  sections,  and  the  magnetising  component  produces  a 
magnetic  fiux  in  the  core,  which  in  turn  induces  a  counter  e.m.f.  in 
both  sections  of  the  winding.  On  connecting  to  the  load  L  the 
secondary  current  will  flow  through  the  turns  AC  in  the  reverse  direc- 
tion to  the  primary  current.  These  turns,  which  are  common  to  both 
windings,  will  therefore  be  traversed  by  a  current  equal  to  the  difference 


Fig.  106.— PiiDcipleoftbeauto-tnnsfonnei. 


between  the  primary  and  the  secondary  cunents.  An  auto-transformer 
can  therefore  be  smaller  and  cheaper  than  an  ordinary  transformer  with 
separate  windings. 

Referring  to  the  figure,  let  Tj  denote  the  number  of  turns  between 
A  and  B,  and  Tj  the  number  between  A  and  C,  then  the  trans- 
formation ratio  =  r==J.     Further,  if  Ij  denote  the  current  taken  from 

the  supply  mains,  and  I,  the  corresponding  secondary  current,  then  the 
current  in  the  turns  AC  common  to  both  circuits  =  Ij-Ii  =  rIj-Ii  = 
(r-i)I,.  Assuming  equal  current  densities  in  each  section  of  the 
winding,  a^=  n,  (r—  i),  where  «,  and  a^  denote  the  cross-sectional  areas 
of  the  wire  for  the  turns  AC  and  BC  respectively.  Now,  for  a  mean 
length  per  turn  =  /,  the  total  volume  of  copper  is 
V.  =  /{rt,(T,-T^)  +  ajT3} 
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For  a  transformer  with  separate  windings  havir^;  the  same  current 
density  and  mean  length  per  turn  the  volume  of  copper 

Hence  V^  =  V*  x  ^^^ 

In  transformers  of  the  same  type,  but  of  different  sizes,  the  ratio  of  the 
volume  of  iron  to  that  of  copper  is  approximately  constant,  so  that  the 
following  ratio  is  obtained, 

Weight  of  active  material  required  for  auto-transformer 

Weightofactivematerialrequiredfor  transformers  of  ordinary  construction 


Thus  for  a  transformation  ratio  of  2,  the  weight  of  active  material  for 
an  auto-transformer  will  be  50  per  cent  less  than  that  required  for  a 
transformer  of  ordinary  construction.  For  a  ratio  of  3,  the  saving  in 
weight  is  only  33  per  cent  The  above  expression  shows  that  for  large 
ratios  of  transformation  the  saving  in  active  material  effected  by  the  ' 
use  of  auto-transformers  is  very  small.  The  primary  pressure  should 
not  exceed  about  600  volts,  because  for  voltages  greater  than  this  it  is 
necessary,  on  account  of  safety  considerations,  to  keep  the  two  circuits 
entirely  independent  The  use  of  the  auto-transformer  is  therefore 
restricted  to  low  pressures  and  small  transformation  ratios. 

The  chief  application  of  the  auto-transformer  is  as  a  starting  device 
for  induction  motors.  By  means  of  a  suitable  switch  the  motor  is  first 
connected  across  the  secondary  terminals,  from  which  it  receives  a 
supply  of  current  at  a  fraction  of  the  line  pressure.  When  the  motor 
attains  the  speed  normal  to  the  secondary  pressure,  the  position  of  the 
switch  is  altered  so  as  to  connect  the  motor  direct  to  the  supply.  The 
auto- transformer  has  also  a  useful  field  of  application  in  supplying 
current  to  lamps  which  are  operated  at  a  somewhat  lower  voltage  than 
that  of  the  supply  mains.  For  instance,  if  a  group  of  125-volt  metallic 
filament  lamps  has  to  be  supplied  with  current  from  250'Volt  mains, 
then  an  auto-transformer  could  be  used.  Its  weight  and  cost  would  * 
then  be  approximately  the  same  as  an  ordinary  transformer  of  half  the 
output. 

Boosting:  or  Regulating  Transformers.— In  the  supply  of 
alternating  currents  it  is  often  necessary  to  provide  arrangements 
whereby  the  terminal  pressure  of  the  load  can  be  varied  within  certain 
limits  even  although  the  generator  pressure  is  constant  For  instance, 
when  two  or  more  transmission  lines  of  different  lengths  are  fed  with 
an  alternating  current  from  one  generating  centre,  it  may  be  necessary 
to  increase  the  pressure  of  the  longest  line  to  compensate  for  the  greater 
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drop.    This  is  effected  b^  means  of  special  auxiliary  transformers  known 
as  "  boosters." 

The  principle  of  the  booster  is  illustrated  in  Figure  107,  vhere  G  is 
the  generating  station  bus  bars,  T  a  transformer  the  secondary  of  which 
is  connected  to  a  load  L,  and  F  the  feeders  between  G  and  the  primary 
of  T.  Suppose  that  at  full-load  the  drop  in  the  feeder  is  50  volts  and 
that  the  bus  bar  pressure  is  constant,  then,  to  maintain  a  constant  ter- 
minal voltage  on  the  primary  of  T,  the  secondary  winding  of  the  auxiliary 
or  boosting  transformer  B  must  be  connected  in  series  with  one  of  the 
feeders  F,  One  end  of  the  secondary  is  connected  to  the  bus  bars  as 
shown,  and  the  other  end,  together  with  a  number  of  intermediate 
points,  is  joined  up  to  a  multiple  way  switch  S  to  which  one  of  the 
feeder  cables  is  connected.  The  primary  of  B  is  permanently  connected 
to  the  station  bus  bars,  and  as  the  load  varies  the  consequent  rise  or 
fall  in  the  feeder  voltage  drop  is  compensated  for  by  altering  the  position 
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Fig.  107. — Transformer  used  as  a  booster. 


of  the  switch  S  so  as  to  insert  more  or  less  secondary  turns  in  series 
with  F.  At  full-load  all  the  secondary  turns  would  be  in  series  with  F, 
whereas  at  balf-load  only  half  the  secondary  turns  would  be  necessary 
to  make  up  for  the  25  volts  drop  and  to  give  the  required  pressure  at  T. 
If  E  denote  the  boosting  volts  required  for  a  full-load  current  of  I 
amperes,  then  the  booster  would  be  designed  as  an  ordinary  low-vollage 
transformer  to  give  ah  output  of  — ?^  K.V.A.    The  number  of  tappings 

taken  from  the  secondary  to  the  r^ulating  switch  depends  upon  the 
decree  of  control  required. 

The  regulating  switch  S  requires  to  be  of  special  design,  so  that  the 
voltage  may  be  controlled  without  interrupting  the  supply  or  sbort- 
drcuiting  of  any  section  of  the  secondary.  The  contact  arm  of  the 
switch  is  therefore  in  two  parts  separated  from  each  other  by  an 
insulatii^  partidon  and  connected  together  through  a  small  choking 
coiL     When  passing  from  one  stud  to  the  next  the  turns  between  the 
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studs  are  in  series  with  the  choking  coil,  and  the  short-drcuit  ctmeot  is 
limited  to  its  normal  value. 

Another  form  of  booster,  chiefly  employed  in  obtaining  variable 
voltages  for  testing  purposes,  is  shown  diagrammatically  in  Figure  io8. 
It  consists  of  two  parts — one  fixed  and  the  other  movable.  The 
cylindrical  fixed  part  F  is  constructed  of  sheet-iron  laminations  and 
carries  the  secondary  winding  S,  which  is  connected  in  series  with  Ihe 
circuit  whose  voltage  is  to  be  controlled.  The  movable  part  M, 
resembling  that  of  a  2-pole  shuttle-wound  armature,  is  also  built  up 
of  laminated  iron  mounted  on  a  suitable  shaft  and  carries  the  primary 
winding  P.  The  latter  is  permanently  connected  through  slip  rings  to 
the  bus  bars  G.  The  movable  core  M  can  be  rotated  round  an  axis 
coincident  with  the  axis  of  the  cylindrical  fixed  core,  its  position  being 


Fic.  io8.--&ootting  E.M.F. 


adjusted  by  a  hand  wheel  and  worm  gear.  When  the  primary  is  in  a 
vertical  position  the  Hux  of  the  primary  passes  through  the  fixed  core 
in  such  a  direction  that  the  E,M.F,'s  induced  in  the  individual  coils  of 
the  secondary  act  in  the  same  direction.  Hence  the  booster  E,M.F. 
will  have  its  maximum  value.  When  the  primary  is  moved  into  a 
horizontal  position  (see  Figure  109)  it  is  obvious  that  the  induced 
electromotive  forces  neutralise  one  another,  and  the  booster  wUl  have 
no  effect  on  the  supply  voltage.  Between  these  two  positions  any 
desired  boosting  effect  from  zero  to  the  maximum  cap  be  obtained. 
By  rotating  the  primary  from  the  position  shown  in  Figure  109  through 
an  angle  of  more  than  90  degrees  the  direction  of  the  boosting  KM.F, 
will  be  reversed,  so  that  the  apparatus  may  also  be  used  as  a  n^ative 
booster.  It  will  be  apparent  that  this  arrangement  gives  a  much  finer 
regulation  than  is  possible  with  the  previous  arrangement,  the  voltage 
being  adjusted  not  in  definite  steps  but  as  gradually  as  may  be  desired. 


CHAPTER  V 

DESIGN  OF  TRANSFORMERS 

Transformers  are  usually  designed  to  a  speciHcation  of :  (i)  output 
at  a  given  frequency,  (2)  terminal  pressure  for  primary  and  secondary, 
(3)  efficiency,  (4)  voltage  drop,  and  (5)  temperature  rise.  Other 
essential  features  should  be  a  small  magnetising  current  and  dur- 
ability of  the  insulating  materials.  The  voltage  drop  and  tempera- 
ture rise,  respectively,  can  be  kept  within  the  prescribed  limits 
by  suitably  sandwiching  the  primary  and  secondary  windings,  and 
by  providing  the  requisite  cooling  facilities.  The  problem  before 
the  designer  therefore  consists  in  constructing  a  transformer  for  a 
given  efficiency  with  the  minimum  expenditure  on  material  and 
labour. 

In  designing  a  transformer  a  frequent  procedure  is  to  assume 
various  inductions,  current  densities,  and  dimensions  of  core ;  calculate 
the  number  of  turns  for  primary  and  secondary,  the  losses,  and  price 
of  active  material ;  and  then  alter  one  or  more  of  the  assumed  values, 
until,  finally,  a  design  is  obtained  which  fulfils  the  specification  with 
the  minimum  expenditure  on  active  material.  This  method  is 
naturally  tedious  and  wasteful  of  time,  and,  moreover,  it  does  not  give 
a  guarantee  that  the  most  economical  design  has  been  obtained. 
However,  the  problem  of  transformer  design  readily  lends  itself  to  a 
simple  mathematical  solution,  and  if  the  procedure  *  recommended  in 
this  chapter  be  adopted  the  most  economical  design  will  always  be 
derived  in  the  first  attempt,  the  only  assumption  made  being  that 
of  efficiency.  For  a  series  of  standard  designs  the  majority  of  the 
formulae  may  be  plotted  as  curves,  thus  reducing  the  necessary 
calculations  to  a  minimum. 

In  woricing  out  the  design  of  a  transformer  the  principal  unknown 
quantities  to  be  determined  are  (i)  the  current  density  in  the  windings 
per  square  cm.  of  cross-section  (  =  Q);  {2)  the  maximum  flux  density 
in  lines  per  square  centimetre  (='B„);  and  {3)  the  four  linear 
dimensions  a,  b,  c,  and  d  (see  Figure  1 1?). 

Copper    Loss- — If,  for  the   primary    winding,   \p  denotes  the 
■  Due  10  Dr.  R.  Pobl  and  H.  Boble. 

r  I ,  Google 
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current,  and  Rj,  the  ohmic  resistance,  then  the  loss  per  kilogramme 
of  copper  is 

W,  = 'V  ^'   .    ^-  watts 

where  a,  =  area  of  cross-section  of  conductor  in  square  cms. 

If  =  mean  length  per  turn  in  cms. 

T,  =  number  of  turns. 

5  X  io-«xix/  y  T 
Now,  R^=ax'o    x^x/,x  y, 

where  2  x  10-*  is  the  specific  resistance  of  copper  for  a  mean  worlcing 

temperature  of  tio°  C-,  and  k  is  the  factor  which  allows  for  the  additional 

loss  due  to  eddy  currents.     Substituting  the  above  value  for  R^ 

^  _  Vxaxio-«x^x/,x  T, 

'     '8.9xio-axfl/x//xT^ 

Now,  -^  =  Q^  =  current  density  in  the  primary  winding;  bence 

W^-2.25xio-*AQ^s 

The  loss  per  kilogramme  for  the  secondary  winding  may  be 
derived  in  a  similar  manner,  and  is  expressed  by 

W^-2.25xio-'x*Q,» 
where  Qj  is  the  current  density  of  the  secondary. 

It  will  be  shown  below  that  for  minimum  copper  loss  Q^  and  Q, 
should  be  equal,  hence  if  K^  denotes  the  kilogrammes  of  copper  for 
primary  and  secondary,  the  total  loss  due  to  the  ohmic  resistance  of 
the  windings  is 

W,=  a.25xio-*iK,Q= 

it  being  assumed  that  the  primary  and  secondary  are  worked  at  the 
same    current     density    Q.      Combining     the    numerical    constant 
2.25  X  IO-*  with  the  factor  i,  the  equation  to  the  total  copper  loss  _ 
becomes 

W,  =  C,.K,.Q* (16) 

where  the  coefficient  C^  has  the  following  approximate  values — 
2.45  X  10-*  for  25- 
2.50  X  10*   „    40~ 
2.70x10-*  „    50- 
and  2.92  X  I0-*   „   6o~ 
Best  Distribution  of  Copper  Losses.— The  total  copper  loss 
may  also  be  expressed  by 

W,  =  l,''R^  +  I,aR, 

where  L,,  and  L^  denote  the  total  length  of  conductor  in  primary  and 
secondary  windings  respectively,  and   the   other  symbols  have  the 
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I  meaning  as  before.     The  condition  of  minimum  copper  loss 


da,  \  a^  a,  I 

Since  the  total  volume  of  copper  —  V  =  a,L,  +  a,L„  the  value  of  a,— 

Differentiating  this  equation  with  respect  to  a^q  and  arranging  terms 


That  is,  the  copper  losses  in  a  transformer  are  a  minimum  when 
the  current  density  in  the  primary  is  the  same  as  that  in  the  secondary 
winding.  In  the  case  of  high-voltage  transformers  equal  current 
densities  in  primary  and  secondary  may  not  be  adhered  to,  for  owing 
to  the  lower  heat  conductivity  of  the  heavily  insulated  winding  it  is 
often  expedient  to  work  the  high  tension  winding  at  a  lower  density 
than  the  low-tension  winding.  This  will  ensure  a  more  uniform 
temperature  rise  than  would  be  the  case  if  the  current  densities 
expressed  were  equal. 

Iron  Loss- — The  iron  loss  in  a  transformer  consists  of  two  parts ; 
(i)  the  hysteresis  loss  proportional  to  B„'-',  and  (2)  the  eddy  current 
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Fic.  110.— Value  of  C  and  VC,  for  ordinary  iron  0.35  mm.  thiclt  at  SO"- 
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loss  which  varies  as  B„*,    The  loss  per  kilogramme  at  50—  can  be 
expressed  by  the  equation 

Since  the  hysteresis  component  of  the  core  loss  varies  as  B„'o,  the 
coefficient  Cj  cannot  be  a  constant,  but  decreases  with  increasing 
values  of  flux  density.  For  ordinary  iron  0.35  mm.  thick,  the  value 
of  Cj  at  5o~  corresponding  to  flux  densities  of  between  4000  and 
14,000  may  be  obtained  from  the  curves  of  Figure  no.  If  K^  denote 
the  mass  of  iron  in  kilc^rammes,  then  the  core  loss  is  expressed  by 
W,-C,.K,.B„^ (17) 

Ratio  of  Copper  Loss  to  Iron  Loss.— Let  a  and  ;*„  expressed 
as  a  fraction  of  the  total  loss  W„  denote  the  copper  and  iron  losses 
respectively,  then 

and  W,  =  C,.  K,.B«„=A.  W, 

On  multiplying  and  extracting  the  square  root  the  following  expres- 
sion is  obtained  for  the  sum  of  the  copper  and  iron  losses. 

W,=  yC,C,'<K,.K,x^' (18) 

Now,  it  was  shown  in  the  previous  chapter  that  the  total  losses  are 
a  minimum  when  those  of  the  iron  are  equal  to  those  of  the  copper, — 
i.e.  when  p,~pi-  The  proportion  in  which  the  total  loss  is  divided 
between  the  copper  and  iron  depends  upon  the  load  factor.  Trans- 
formers, having  an  induction  motor  or  rotary  converter  load,  are 
generally  operated  continuously  at  full-load;  the  best  design  will 
therefore  be  obtained  when  there  is  equality  of  iron  and  copper  losses. 
Transformers  for  lighting  work  are  only  occasionally  fully  loaded,  and 
in  such  cases  il  is  advisable  to  make  the  copper  and  iron  losses  as 
nearly  equal  as  possible  for  the  average  load,  in  so  far  as  the  drop 
and  temperature  rise  at  full-load  will  permit.  Experience  shows  that 
in  view  of  the  latter  considerations  it  is  not  advisable  to  allow  the 
copper  loss  to  exceed  60  per  cent,  of  the  total. 

For  any  transformer,  the  load  conditions  of  which  are  known,  the 
distribution  of  Che  losses  are  thus  fixed.  For  power  transformers  the 
design  is  worked  out  for  pi=p,  =  Q-% ;  for  lighting  transformers,  /*,  is 
reduced  and  /,  increased,  the  limit  to  these  values  being  0.4  and  0.6 
respectively. 

Best  Ratio  of  Iron  to  Copper.— The  most  important  factor 
affecting  the  cost  of  a  transformer  to  fulfil  a  given  specification  is  the 
ratio 


Weight  of  iron    ^  K,^p 
Weight  of  copper    K,       " 
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Let  ?,  and  ?«  denote  the  price  of  the  copper  and  iron  respectively, 
/',aQd>',the  FractioDal  copper  and  iron  pricei  such  'Caai.  p%-^p'(=\; 
and  Sc  and  S.  the  price  per  kilograniine  of  insulated  copper  and 
stamped  iron  sheets  respectively ;  then 

P,  =  S,.K,=/,.P, 
andP,-S,.K,=/,.P, 
where  P,  is  the  total  cost  of  active  material.     By  multiplyiog  and 
extracdi^  the  square  root 

Consider  now  a  tran^onner  the  iron  and  copper  weights  of  which 
may  be  increased  or  decreased  by  adding  to  or  reducing  the  cross- 
section  of  iron  and  number  of  turns  in  the  winding  respectively,  without 
alterii^  either  the  mean  length  of  the  magnetic  circuit  or  the  mean 
length  of  copper  turn.  Assuming,  further,  that  the  ciurent  density 
and  induction  are  constant,  the  power  output  from  the  transformer 
may  be  expressed  by 

W  =  Cj.K,.K, 
where  C,  is  a  coefficient.     If,  in   the  equation  for  Pa  there  be  sub- 


expressed  by  the  equation 

•  -.V^f^'V,^ <■') 

This  latter  equation  shows  that  for  a  given  output  the  cost  of 
active  material  will  be  a  minimum  when  p\yi.p\  is  a  maximum,  oi 
when/',=/'y.  Hence  the  most  economical  transformer  is  the  one  for 
which  the  cost  of  copper  equals  the  cost  of  iron.  This  holds  good  for 
all  types  of  transformers,  and  its  truth  is  independent  of  the  distribution 
of  the  losses.  Since  for  minimum  cost  p't=p't  or  KiS,=  K^n  the 
latio  Cg  for  minimum  cost  is  also  expressed  by 

For  lighting  transformers  it  may  often  be  necessary  to  make  Co 
smaller  than  ^,  as  otherwise  the  temperature  rise  of  the  windings  may 
become  excessive.    The  value  of  Cg  is  then  more  accurately  expressed 

S/  A 
This  does  not  influence  the  cost  to  any  great  extent,  as  the  curve 
which  shows  the  relationship  between  Cg  and  the  cost  of  the  trans- 
former is  very  flat  for  such  values  of  Cg  as  lie  between  0.5  —  and  1.5  ~. 
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Having  determined  the  formula  for  the  various  losses,  and  settled 
the  most  favourable  relationship  betreen  the  weights  of  the  copper  and 
the  iron,  equations  can  now  be  derived  from  which  may  be  calculated 
the  dimensions  of  transformers  of  either  the  shell  or  core  types. 

Core  Type  Transformers 
Cross-section  of  Core. — A  core  of  circular  cross-section  is  the 
most  economical,   because  for  a  given  cross-sectional  area  the  mean 


l< -85  D J 

o-jS  mm.  plus  Fj-otj.  o-jo  mm.  ptiLs  Fi»o-«j. 

Fig.  III. — Cioss-section  of  core  for  tnuufomiers  up  to  50  K.V.A. 

length  of  a  copper  turn  will  be  a  minimum.     In  practice,  however,  a 
perfect  circle  cannot  be  obtained,  as  too  many   different  sizes  of 

.  ..  .(jD 


o'js  mm.  pUta  F<-o-67.  o'js  o""-  pl»*"  t,=o-iy. 

o'somm.  pUtes  F.=o;o.  o-jomm.  plalra  F,=  d-«5. 

Figs.  113  and  113. — Cross -section  of  core  for  50-250  K.V.A.  transfonneis. 

Stampings  would  be  required.     From  the  manufacturer's  standpoint 
the  latter  are  limited  to  two,  three,  or  four,  with  the  result  that  the 
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standard  practice  is  to  adopt  the  shapes  of  cross-section  shown  in 
Figures  iit  to  114.  Each  core  is  circumscribed  by  a  circle  of 
diameter  D,  the  dimensions  of  each  packet  of  stampings  being 
expressed  in  terms  of  D. 

The  nett  area  of  cross-section  of  iron  in  a  core  =  A  =    .  F^ 

4 
irtiere  F^,  the  space  factor  of  the  core,  takes  into  account  the  insulation 
between  the  plates,  ventilating  ducts,  and  the  waste  of  space  due  to  the 
imperfect  shape  of  the  core.  The  factor  F^  has  been  calculated  for 
each  of  the  cross-sections  for  thicknesses  of  plates  0.35  and  0.5  mm. 
respectively,  it  being  assumed  that  the  insulation  has  a  standard  thick- 


□  '3J  DBi.  pUut  F,=o'6>  o'so  nun.  plates  F/»o'<s. 

Pig.  114. — Cron-Mclion  of  core  foi  targe  transrormers  of  350  K.V.A. 

and  npwaids. 

ness  of  0.05  mm.  In  a  circular  core-type  transformer  the  unknown 
dimensions  d  and  c  in  Figure  ri7  are  thus  replaced  by  a  single 
one  —  namely,  the  diameter  D  of  the  circle  drcumscribit^  the 
core. 

If,  in  large  transformers,  the  circular  core  be  adopted  the  waste  of 
space  due  to  the  imperfect  shape  of  the  core  becomes  considerable ; 
hence,  in  order  to  obtain  a  better  iron  space  factor,  the  more  usual 
practice  is  to  adopt  a  core  of  rectangular  cross-section  for  transformers 
of  200  K.V.A.  or  more.  Some  manufacturers  have  even  adopted 
the  rectangular  core  for  all  transformers  rated  from  about  75  K.V.A. 
The  ventilating  ducts  in  the  core  are  generally  0.5  cm.  wide,  and 
vary  in  number  from  one  to  five  according  to  the  size.  The 
corresponding  values  of  the  iron  space  factor  F,  are  set  forth  in 
Table  XI. 
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Tabl«  XI.— Iron  Spacb  Factors  F^  for  RscTANGtiLAR  Corb-ttpk, 

ViNTILATING   DnCTS,   0.$   CM.    WIDE. 


SiM  of  Traosfonner. 

Number  of 
DucU. 

Space  Factor  F„ 

0.3s  mm.  PUtes. 

0.50  mm.  Pktw. 

7S-ISO  K.V.A.         .         . 
150-250       ,. 

500-1000    „ 

0.74 
aro 
0.6S 

0.77 

Space  Factor  of  Windings.— The  space  factor  of  the  coils, 
by 

Volume  occupied  by  copper 
'  ~  Total  available  wintbng  space 
depends  upon  the  primaiy  and  secondary  voltages.     If  F,  be  large,  a 
comparatively  small  transformer  is  obtained,  but  the  space  left  for 
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Voltngr  of  high-cmioa  winding. 
Fic.  1 15. — Copper  space  factor  for  otl-immened  traiuformers. 

properly  insulating  the  coils  will  probably  be  insufficient.  Figure  115 
gives,  for  oil  insulated  transformers,  the  average  space  factors  for  out- 
puts ranging  from  10  to  1000  K.V.A.,  and  secondary  pressures  up  to- 
32,000  volts.  Since  air  is  not  so  good  a  dielectric  as  oil,  natural  air- 
cooled  and  aii-blast  transformers  must  be  designed  for  space  foctors 
some  30  per  cent  less  than  those  obtained  from  the  above  curves. 
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(a)  Circular  Core. — The  output  from  the  secondary  of  a  trans- 
former in  K.V.A.  is 

^  =  4.44T..~.*.I,xio-ii 

But  I,  «  a,  X  Q,  and  ♦  =  B„  X  A,'  where  A  (  =  F^ .  — ^  is  the  effective 

cro5s-«ectional  area  of  the  core.     Hence 

K.V.A.  =  4.44  T/~xB„.  A.  a,.  Qxio-n 

orT. .  g..QB„=^-^-^  '"°" 
4.44  ~ .  A 

The  space  between  the  cores  is  taken  up  partly  by  primary  and 

I* -A . 


Fig.  116.— Circulai  core  lype  transformer. 


partly  by  secondary  winding.     Since  the  ampfere-turns  of  the  latter  are 
approximately  equal  to  those  of  the  primaiy, 

(T, .  a,  +  T,  .  o.)  QB„  =  ^  '^■VAj<_l°_" 
4.44-.  A 
From   figure   116,  which  gives  the   notations  for  the  principal 
dimensions,  it  is  obvious  that 

a,T,  +  «A/  =  ^-  H.F, 
Substituting  this  value  in  the  above  equation  and  putting  A  =  '^  D*  F^ 

^      "  IT  X  4.44~  X  F, .  F,  —  X  F, .  Ft  ^ 

b,  H,  and  D  being  expressed  in  centimetres. 
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The  weight  of  iron  and  copper  must  next  be  considered.  In 
practice  the  height  h  of  the  yoke  is  generally  fixed  so  as  to  give  equal 
cross-sectional  area  of  iron  in  the  cores  and  yokes,  but  for  the  sake  of 
simplicity  it  will  be  assumed  that  h^V>.  This  assumption,  though 
not  absolutely  correct,  introduces  very  little  error  into  the  final  result 

The  weight  of  iron  is 

K,=  F,x^x{4D  +  2H  +  z^}x7.8xio-» 

=  iaxio-».F,.  D3.(2D  +  H  +  ^) (ai) 

The  weight  of  copper  may  be  similarly  expressed  by 

K,=  2F,.{(D  +  H)«-D>}. -.*x8.9xio-» 
4 

=  28xio-»F,(DH+o.5H*)^ (22) 

Expressions  for  K,  and  K,  can  also  be  obtEuned  from  equation  18 
when  W  and  CgK,  are  substituted  for  K^  and  K,  respectively.    Thus 


'''-Q.B.'"Vc,.C,.C 


■     ('3) 


V  c, .  c, .  ( 


When  equations  33  and  34  are  combined  with  equations  21  and  31 
lespectiTely  the  following  equations  ate  obtained  : — 

Q.B..D.(aD^H  +  *).^P^'^,.-;„.yA:^..3.  .  (as) 

Q.B.(D.H«.5HV=^..j,.,-jL,.yi^..,  .  .  (,6) 

In  Figure  no  {page  145),  s/Q  has,  for  ordinary  transfonner  iron 
0.3s  mm.  thick,  and  at  5o~,  been  plotted  as  a  function  of  the  flux 
density  B^  The  curve  shows  that,  for  the  usual  values  of  B„,  i.e. 
from  5000  to  iiooo,  a/C^  varies  only  from  1.8  x  lo"*  to  1.65  xio-*. 
For  alloyed  iron  the  constancy  of  \'Ci  is  even  more  marked  This 
being  the  case,  no  great  inaccuracy  will  be  introduced  if  Jo^  be 
treated  as  a  constant  equal  in  value  to  that  for  B„=  7000  in  the  case 
of  ordinary  iron,  and  B„=io,ooo  for  alloyed  iroa  On  this  basis  the 
values  of  >/Cj  for  various  frequencies  will  be  as  set  forth  in 
Table  XII. 
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Tablb  XII. — Values  of  sJC^  for  Traksformbrs. 


When  working  out  a  new  design,  of  which  the  efficiency  and 
distribution  of  the  losses  are  known,  and  the  space  factors  fixed,  the 
value  ofo,  ^,  and  y  are  first  determined.  Equations  20,  25,  and  26 
may  then  be  used  for  a  solution  of  the  problem.  The  unknown 
quantities  Q  and  B„  appear  as  the  product  Q .  B„  in  all  of  these 
equations.  Treating  this  product  as  a  single  unknown  quantity,  the 
following  equations  are  obtained : — 

From  equations  20  and  26 — 

Q.B.-- 


*.H.D>    (DH+osH')« 
«„H-.D(r.D-.) 


FrcHU  equations  20  and  25 — 


-QB„D''(2D  +  H  + 


QB„HD«/ 


,  QB-  = 


D*(2D+H) 
Finally,  from  equation  20 — 


(28) 


(=9) 


QB„HD« 

Bearing  in  mind  that  the  most  economical  design  will  be  the  one 
for  which  the  product  QB„  is  a  maximum,  the  main  dimensions  of 
the  transformer  may  be  derived  as  follows. 

By  means  of  equations  20,  25,  and  36  the  factors  a,  j8,  and  y  are 
first  determined,  then  from  equations  27  and  28  the  values  of  H  and 
the  corresponding  values  of  QB„  are  calculated  for  several  assumed 
values  of  D.  If  the  former  be  plotted  as  a  function  of  D,  the  curve 
(see  Figure  119)  so  obtained  gives  the  most  economical  value  of  Q6„ 
and  D.    The  corresponding  values  of  H  and  6  are  then  calculated  by 
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equations  27  and  29  respectively.     The  separate  values  of  Q  and  B„ 
are  expressed  by — 

(p/rf<;  equation  16)     Q=^--j^- (30) 

K,  being  determined  from  equation  22, 
andB„=: 


-QB- 
"    Q 


After  having  settled  the  principal  dimensions  of  the  Iransrormer, 
the  calculation  of  the  flux,  the  number  of  primary  and  secondary  turns, 
the  radiating  surface,  the  no-load  current  and  the  drop  is  a  simple 
matter.  If  it  be  found  that  the  radiating  surface  is  insuffident,  either 
the  efficiency  must  be  increased  or  a  more  suitable  method  of  cooling 
adopted. 

ib)  Rectangular  Core. — The  outline  of  the  magnetic  circuit  for 
a  transformer  having  a  rectangular  core  is  shown  in  Figure  117.    The 


Fig.  1 17. — Reclangular  cote  type  tronsTomiei. 

cross-section  of  iron  in  the  core  —  dxcxFj  has  the  values  given  in 
Table  XI.  The  usual  practice  is  to  make  the  height  of  the  yoke  equal 
the  core  width,  hence  A-=d. 

As  is  the  case  with  a  circular  core  transformer, 

^  2  K.V.A.  X  10" 
4.44  X  -A 

Now,  T,  a,  +  T,  flj.  =  a .  ^ .  F,  and  A  -  f .  rf .  F, ;  hence,  substituting 
these  values  in  the  above  equation 


(T^,  +  T^a^)QB„ 


QB„.a/'cd=  ■tii^ 


•  K.V.A 


-F.-  i-V 


•     (30 
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Now,  the  mass  of  iron  expressed  in  kilc^rammes  is 

=  15.6x10-'. F^rf(a  +  *+irf) (32) 

Since  the  volume  of  the  space  available  for  winding 

the  weight  of  copper  is  expressed  by 

K,  =  F^x2(<i+f+iOx8.9xio-' 

=  17.8x10-*. F^o  +  f+rf) (33) 

Combining  these  expressions  for  K,  and  K^  with  equations  23  and 
24  respectively,  we  have 

^  i5:6x.-o^.F,'*7c/vc7.c,  ■  ■  •  ■  ^") 

^=.7.8x'I;-^.F,''-vk^^^^     ■     ■     •    •     ^''^ 
The  cost  of  active  material  is 

where  G,=  15.6 x  10-' .  F, .  S.,  and  0^=  17.8  x  lo-s .  F, .  S, 

An  equation  giving  the  relationship  between  0,  c,  and  d  for  the 
best  value  of  P,  is  obtained  by  differentiating  the  latter  equation  with 
respect  to  b  and  placing  the  differential  coefficient -3^  a    Thus 


The  relation  between  a,  b,  and  d  for  the  best  value  of  P,  is  similarly 
obtained;  thus — 

^'=G,<a  +  *  +  3rf)  +  G^*=o 


«+i+2rf)= 


G,' 


For  the  most  economical  design  cost  of  iron  =  cost  of  copper,  therefore — 

G,f<i(<i  +  *  +  2rf)  =  Gjfl^<i  +  <■+ rf) 
Substituting  the  above  values  for  ^a■\'b■y^d)  and  a(a-\-c-\-^, 

G,      i;.8xio-».F,-S,        C,.F,  "' 
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From  equations  31,  34,  and  23 — 

<x  ^     ^Ji 

ab     (a  +  i  +  id) 

since  ^  =  QB^rf 

Hence  i  =  g— {37) 

"a-t 

From  equations  31  and  35 — 
^  = y_ 

I...,f=-— (38 

Finally,  from  equation  31 — 

•s-^-i^i <"' 

For  several  assumed  values  of  rf,  the  corresponding  values  of  a,  b, 
c,  and  QB„  are  calculated  successively.  A  curve  is  then  plotted 
showing  QB„  as  a  function  of  rf,  from  whidi  the  value  of  the  latter 
corresponding  to  the  most  economical  design  may  be  obtained.  The 
individual  values  of  Q  and  B„  are  afterwards  calculated  from  equa- 
tion 3a 

Three-Phasb 

For  3-phase  transformers  of  unsymmetrical  core  type  (see  Figure 
56),  all  the  coRs  being  arranged  in  one  line,  the  equations  are  as 
follows ; — 

(i)  Circular  Core.— 

a  =  QB^HD^  =  3:^iiii^^^|:X:^ (40) 

K,  =  6.i  xio-'.F,.D»(6D  +  4H  +  3/') (41) 

K,  =  42xio-3.F,(DH  +  a5H^)^ (41) 
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^    QB.    "VCjCiC, 

«=     c,w        _^      ry. 


V ^[l__  ^-L^^JIHL (44) 

H.2D(35-,) 

^   "     D"H(6D+4H)  "" 

<2)  Rectangular  Core.— 

1.6  X  lo" .  K.V.A.  ,  ,, 

" ~f^. '*'* 

K,.;.Sxto->.F,.<-44o  +  3«+6^ (4;) 

K,-27Xio-".  F^.(i^a+f+<0 (48) 

'^    7.8xi<,-».F,     VC,     VC..C,  '■"' 

■     •  (SO) 


jyxio-'.F/  ^c,    Vc,.C, 
o.a9F,.rf 


-CVFT <"' 

^-$2±35 C.5") 


Shell  Type  Single-Phase  Transformers 

Rectansular  Core. — The  outline  of  the  magnetic  circuit  for  a 
uansfonner  of  the  shell  type  is  shown  in  Figure  ii8.  The  cross- 
section  of  the  core "Yi.c.d.    As  regards  ventilating  ducts,  they  are 
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given  a  width  approximately  =  o.  5  cm.,  and  the  required  number 
varies  with  the  output  as  set  forth  in  Table  XIII.,  which  also  gives  the 
conesponding  values  of  F,. 

As  the  proportions  of  the  coils  will  be  approximately  that  given  in 


|-^-fl*- 


Fig.  iiE. — Rectangular  shell  type  tranifbrmet. 


the  figure,  the  mean  length  per  tum  =  4a+3C+z</,  and   the  winding 
space  factors  F,  will  have  about  the  same  values  as  for  the  core  type. 


Table  XIII. — Iron  Spacr  Factors  F,  for  Rrctancular  Shbi.l  Type 

TftANSFORHER,    VlHTILATINC   Dud's  0.5   CM.    WIDB. 


Space  Factor  F,. 

Output  in  K.V.A. 

0.35  mm.  Plates,  j  0.50  mm.  Plates. 

o-jo 

0.84 

0.*^            1 

50-100 
100-150 

o.Sa 

0.87 
0.84 

150-200 

0.77 

0.81 

aoo-300 

0.75 

a8o 

300-400 

0.71 

0.7S 

400- soo 

0.67 

0.71 

500 -700 

II 

0.63 

0.66            1 

700  upwards 

■3 

0.58 

0.61            j 
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The  design  equations,  derived  in  a  similar  manner  to  tliose  for  tlie 
transformer  of  the  rectangular  core  type,  are  as  fallows : — 


_4.5xio"K.V.A. 
°  ~F, .  F, 

"-is.exio'F,'"  vc,   V  cvc; 

8x10-"  F,"  VC.     V  Ci.t; 


i7.8xio-"F,»  VC,     VCj.c; 
-°"7S  F,   ^ 

C..F. 

a  +  rf 
'j»->       (S3) 

°51''-» (S4) 


^'    "     abed 

Designs  of  Five  Single-Phase,  Oil-Ihmersed  TRANsroKUERs 

OF  THE  Core  Tvpe  to  give  an  Otrrpux  of  ioo  K.V.A. 

Two    single-phase    transrormers    of   the    core    type    have   to   be 

designed  to   the   following  specifi cation.     Transformer  A  is  for  50 

periods,  while  transformer  B  is  for  25  periods.     The  design  for  the 

50  period  transformer  is  worked  out  in  full. 

Transformer  A  50^. 
Spedfiealion — 

Rated  output =100  K.V.A. 

Primary  terminal  pressure      .        .        .        .     =  aooo  volts. 
Secondary  terminal  pressure  .        .        .        .     —  400        „ 
Full-load  efficiency  (cos  ^=1)  ,      =98  per  cent. 

Voltage  drop  for  cos  1^  =  0.80  not  to  exceed  2.9  per  cent 
Temperature  rise  of  any  part  not  to  exceed  50'  C. 
Traosformer  to  be  operated  continuously  at  full-load. 
Design. — The  transformer  will  be  designed  on  the  assumption 
that  ordinary  transformer  iron  0.35  mm,  thick  is  employed  for  the 
construction   of    the    core.     Since    the   load  factor   is   approximately 
100  per  cent.,  the  losses,*  W,~  2000  walls,  will  be  distributed  equally 
between  copper  and  iron  so  that /,=/f=^ 0.5,  and  W,  =  W,  =  iooo  watts. 
For  a  primary  pressure  of  2000  volts  the  copper  space  factor  will  be 
*  The  exMl  value  of  Wf =3040  watts. 
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about  0.425,  i.e.  F,  =  o.425.  Adopting  the  circular  cross-section  of 
Figure  112,  F,=  o,67.  From  pages  144  and  145  respectively,  €1  =  2,7 
X  lo-*,  and  VCj=  1,75  x  io-<.  Suppose  the  price  of  insulated  copper 
wire  and  stamped  iron  sheets  is  is.  lod.  and  7d.  per  kilogramme 
respectively,  then  €0  =  3.15.  From  this  data  the  design  is  worked 
out  as  follows : — 


Design  CoeffiHtnis — 
._5.7xio">.K.V.A.. 


5-;  X  1°'" 
50  X  0.67  X 


*^    iaxio-».F,     ^Q     VCo-C, 

_    3.15x2000    ^         I  /~  0-5x0.5       =,,x 

12x10-^x0.67     I.75XIO-*    V  3.15x2.7x10-*     '•' 


"iTTTi^'vi: 


Main  Dimensions. — Next  assume  various  values  of  D,  and 
determine  the  corresponding  ones  of  H  and  QB^  from  equations  27 
and  28,  thus — 

Let  D  =  28  cms.  then  H  =  8.4  cms.  and  QB„  =  6.0 


138 
16.7 


In  Figure  119  the  values  QB„  have  been  plotted  as  a  function  of 
D,    The  most  economical  values  for  D  and  QB„  are  300  mms,  and 

7.6xl0«|- 


,..___^I=^^___ 

s- 

"ii^iiiiii:^: 

6.0 

5.5 

30  31 

>la«iiliiiicln3. 
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lo*  respectively  denoted  by  the   peak  P  of  the  curve.    These 
3  now  form  the  basis  of  the  subsequent  calculations. 


J  cms.  =  450  mms. 


QB„H.D«     7.2xio*xi3.8x3os 

aooo        1  /  "~~o  e  X  o  i;~ 

K,=  3-i5'<  "70  =  850  kgs. 

^°  V  Cir°  V  r.yx  io-*x~j"7o°  "^  ampferes  per  sq.  cm. 

B„  =  -:^  =  i =  6300 

A  dimensioned  sketch  of  the  magnetic  circuit  is  given  in  Figure  1 30, 


Fig.  ijc^— MigDCtic  circuit  of  ioo-K.V.A,  S&^  transformer. 

the  cross-sectional  area  of  the  yoke  being  made  equal  to  that  of 
the  core. 

V^indtng^ — The  main  dimensions  having  thus  been  settled,  the 
details  of  the  windings  are  then  calculated  as  follows : — 

Area  of  cross-section  of  core 

=  A  =  F,xI^='='A7ilIMS'  =  ^ 


=  475  sq.  cms. 
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Magnetic  flux  =  *=B„  x  A  =  6300  x  475  =  3.0  x  10'  lines. 


4.44  X  50  X  3.0  X  io» 


Hence  number  of  primary  turns  =  T,  =  60  x  s  =  300 
Secondary  current  —  I,  =  —  =  250  amperes 


Primary  current  =  I,  =  Ij 


Yf     efficiency  per  cent. 

Cross-section  of  secondary  conductor  =  I,/Q  '=117  sq.  mrns- 
CrosS'Seclion  of  primary  conductor     =I^/Q  =  44  sq.  mms. 


Fic.  r  21.  — Design  of  windings  for  loo-K.V.A.  Iransfoimer,  2000/400  veils. 

The  primary  and  secondary  windings  will  be  arranged  concentrically, 
with  the  low-tension  coils  nearest  the  core.  The  bobbins,  on  which  the 
secondary  is  wound,  would  probably  consist  of  a  fibre  or  compressed 
paper  cylinder  (see  Figure  121)  about  5  mms.  in  thickness  and  provided 
with  teak  or  fibre  flanges.  If  the  latter  have  a  thickness  of  20  mms., 
then  the  length  of  the  bobbin  available  for  the  winding-410  mms. 
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In  order  to  keep  down  the  eddy-current  loss  in  the  copper  and 
obtain  Sexibitity  in  winding,  it  is  not  advisable  to  use  a  conductor 
of  much  greater  section  than  100  sq.  mms.  The  conductor  for  the 
secondary  winding  will  therefore  consist  of  three  copper  strips 
connected  in  parallel;  each  strip  will  have  a  cross-sectional  area  of 
73  sq.  mms.  While  being  wound  on  the  bobbin,  the  strips  would 
be  laid  one  on  the  top  of  the  other  and  bound  together  with 
insulation  to  the  thickness  of  0.3  mm.  Each  secondary  coil  must 
contain  30  turns,  and  these  will  be  disposed  in  two  layers,  i.e.  there 
are  15  turns  per  layer.  In  crossing  over  from  one  layer  to  the  next, 
the  space  of  one  turn  will  be  lost,  hence  the  width  of  insulated 
conductor  must  be  yj  of  the  net  winding  length,  i.e.  1^  >=  25.6  mms. 
Since  the  tape  is  wound  on  to  the  thickness  of  0.3  mms.  the  widlh 
of  the  copper  strip  =  (zs.6- 2  xo.3)  =  25   mms,,  and    thickness  =  ^ 

=  2,9  mms.  The  size  of  each  insulated  conductor  therefore  =.25.6 
X  9.3  mms.,  and  the  radial  depth  of  secondary  winding  18.6  mms. 

The  primary  coil  wilt  also  be  wound  on  a  bobbin  just  large 
enough  to  slip  easily  over  the  secondary.  For  a  pressure  of  2000 
volts,  the  bobbin  would  consist  of  a  micanite  cylinder  5  mms.  thick. 
Each  coil  will  have  150  turns,  wound  in  four  sections  of  38,  38,  37, 
and  37  turns  each,  adjacent  sections  being  separated  from  each 
other  by  a  split  mica  ring  3.3  mms.  thick.  The  winding  length  avail- 
able per  section  will  be  100  mms.,  and  if  the  winding  be  arranged  in 
5  layers  with  8,  8,  8,  7,  7  turns  per  layer,  then  the  size  of  conductor 
will  be  10.4x4.0  mms.  (bare)  or  11.0x4.6  mms.  (insulated).  If 
between  adjacent  layers  there  be  inserted  press-spahn  or  micanite 
insulation  of  i  mm.  thickness,  then  the  radial  depth  of  primary 
winding  =  27  mms.  The  overall  diameter  of  the  windings  is  therefore 
413  mms.,  leaving  a  space  of  25.5  mms.  between  the  windings  of  each 
core. 

No-load  Current  and  Power  Factor.— Mean  length  of  mag- 
netic circuit  =  2(H-HD  +  A  +  ^)  =  2i5  cms.  For  B.„  =  630o,  the  virtual 
ampfere-tuTos  per  cm.  =  — »=i.4  (from  Fig.  57),  hence  magnetising 
ampfere-turns  =1.4x215=  300,    and     magnetising    current  -=  I„  =  ^~ 

=  3£?=,ampfere. 
300 
The  energy  component  of  the  no-load  current  I,  =  core  loss-;- 

primary  volts  =  —  =0.5    amperes.     Therefore    no-load    currrem- 

'  2000 

I.-  M'I/-t-I«*  =  Vo-5*+  i-o'""!-!  amptre-.2.2  per  cent,  of  full-load 
primary  current. 
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Regulation. — Secondary  ohmic  dtop^I,  R. 


A, 
where  mean  length  of  turn  /,  =  »■  x  31.8=  103  cms. 

Primary  ohmic  drop  transferred  to  secondary  »■  I,  R^  —■ 

2  X  io-*x  i.i^  X  lao  X300     I  1^1.  1       .     r 

=  s  I  X 3-— ^ —  X  —  =  a  volts,  where  mean  lenetn  of 

^  0.416  5  •* 

primary  turn  =  1  so  cms. 

Secondary  drop  due  to    total  ohmic   resistance'=3.7   volts  =  o.92 

percent. 

Maximum  inductive  drop  per  cent,  by  Kapp's  formula  (see  p.  94). 

*        V  3      '  L 

^  100x1x350x60/         ^  i.86  +  a,7.ffx34..i 

=  2.6  per  cent. 
Percentage  regulation  {^uide  page  100) 

=  ^iJ\-  cos^  ^  +  Vg  cos  ^. 
For  cos  i^^o.S,  regulation 

=■2.6  ,yr^T8'  +  -092  X  0.8  =  2,1  +0.72  =  2.29  per  cent. 

Had  the  percentage  regulation  exceeded  the  specified  value  it 
would  have  been  necessary  to  ■  modify  the  design.  The  above 
equation  for  inductive  drop  shows  that  one  method  of  improving  the 
regulation,  should  it  exceed  the  specified  limit,  is  to  diminish  the 
secondary  turns  T,  and  increase  the  flux  *  proportionally.  The 
price  of  active  material  will  then  for  the  same  efficiency  be  some- 
what greater  than  the  minimum  cost.  The  regulation  could  also  be 
improved  by  employing  a  double  concentric  winding,  with  one-half 
of  ihe  secondary  inside,  and  the  other  half  outside  the  primary. 
This  latter  procedure  would,  however,  add  considerably  to  the 
manufacturing  cost. 

Heating.— (i)  fF/nrf/«^.— The  ouiside  cooling  surface  of  winding 

—  2r  X  43.0x41  =  11,000  sq.  cms.  =  no  sq.  decimetres.  The 
inside    cooling   surface   of  winding  =  2^x30x41  =  7700  sq.   cms. 

—  77  sq.  decimetres.  Owing  to  the  comparatively  thick  flanges  on 
the  bobbins  the  cooling  effect  of  the  ends  of  the  coils  will  be 
exceedingly  small,  and  may  be  neglected.  Total  cooling  surface  for 
windings  =187  sq.  decimetres.  Since  the  copper  loss  =1000  watts, 
the  watts  per  square  decimetre  of  cooling  surface=  1000 -;- 187  =  5.4. 
If  this  transformer  be  air  cooled  with  natural  draught,  the  temperatiu^ 
rise  of  winding  would  =  K  .      =  14  x  5.4- 75°  C,   the  value  of  K 


,C".(.H>t^lc 


DESIGN  OF  TJiANSFOHMERS  165 

being  taken  from  Table  IX.  page  T29.  This  rise  of  temperature  is 
acessive,  so  that  oil  cooling  must  be  adopted.  Temperature  rise  of 
winding  above  oil  =  a  X5.4=  lo.S"  C,  say  11°  C. 

{2)  Iron. — From  Figs.  112,  116  and  120,  e(^e-cooting  surface  of 
core  +  yoke,  since  the  breadth  of  the  core  =  0.85  D  is 

=  2(2  X  0.8s  D  X  i)  +  2{o.8s  D  <2  h  +  A)) 

=  1.7  D  (2  *  +  2A  +  A)- 1.7x30  (90  +  37.2  +  69.3) 

=  10,000  sq.  cms.  =  100  sq.  decimetres. 

The  inside  edge  surface  of  yoke  is  here  n^lected  as  its  cooling  effect 
will  be  very  small  owing  to  the  bobbin  flanges  lying  hard  against  it. 

Watts  per  square  decimetre  of  coohng  surface  =  1000+ 100 -•  10. 
Estimated  temperature  rise  of  iron  above  oil  =  i.7  x  ro=  17'  C 

Since  the  temperature  rise  of  any  part  has  not  to  exceed  50'  C, 
the  difference  in  temperature  between  the  cooling  oil  and  the 
external  air  must  not  exceed  about  33*  C.  Hence  the  containing 
tank  must  be  designed  to  have  an  external  radiating  surface  not  less 
..  ,  K.W,  IS  X  2000 
man  a=  = — — — ■■910  sq.  deametres. 

The  case  for  this  transformer  would  have  the  dimensions  100  x 
60  cms.  by  100  cms.  high,  and  the  sides  would  be  corrugated  so  as 
to  give  the  required  radiating  surface. 
Weighti  and  Costs— 
Weight  of  copper  =  270  kgs. 
Weight  of  iron      =C|)Kc=3.i5  x  270  =  850  kgs. 
Total  weight,  iron  +  copper  =1120  kgs. 
Weight  of  active  material  per  kilowatt  at  unity  power  factor 


Cost  of  active  material  •=  1.83(270  +  — 5_J=  ioooshillings  =  ;^5o. 

Coat  of  active    material    per    kilowatt  at  unity   power    factor 
=  10  shillings. 

Trartsfomur  B  25^. 
The  second  design  for  25  periods  is  calculated  in  a  similar  manner 
to  the  above,  and  in  order  to  eflfect  a  comparison  of  the  two  designs 
the  principal  dimensions  and  constants  have  been  tabulated  in 
Table  XIV,  The  laminations  for  a  25—  transformer  will  have  a 
thidiness  of  0.5  mm.,  so  that  adopting  the  same  cross-section  of 
core  as  before,  the  iron  space  factor  F,=  o.7.  The  new  values  of  Ci 
and  s^  will  be  2.45  x  i©-*,  and  1.15  x  10-*  respectively. 


i^jOOgk' 


1 66 


ALTERNATING  CURRENT  MACHINERY 


Tabi.b  XIV.— Comparativb  Designs  of  ioo-K.V.A.  Transfohubrs  f 

SO-  AND  as-. 

Ratio  ai  transformation  taooj^xi  volts.     Full-loftd  efficiency,  98  pei  cen 

Full-load  copper  Io3»  =  i(on  loss  ^1000  watts. 


Transformer  A 


Transformer  B 


Weight  of  copper  K,    . 

Current  density  Q,  amperes  per  sq.  i 

Flui  density  in  lines  pei  sq.  cm.  (- B„)  6300                           7300 

Cross-sectional  area  of  core  .  475  sq.  cms.               643  sq.  cm: 

Magnetic  flux  ♦ 3.0  x  to"                      4.7  x  ic' 

Number  of  secondary  turns  .         .         .  60 

„         primary  turns      ,         .         .  300 

Cross-sectional  area  of  primary  conductor  318  sq.  1 

„               „      secondary      ,,  38       ,, 

No-load  current i.ioamp^res             i.zoampiie! 

No-load  in  per  cent,  of  fuM-load  current  3. a  pei  cent.               3.4  per  cent. 

Total  wekht  of  active  material              .  iisokgs.                    i^S  ''E^ 

Weight  of  active  material  per  K.W.  at  II. a    „                      19.35    , 

unity  power  factor 
Cost  of  active  material 

„  „         per    K.W. 


When  these  two  designs  are  compareti,  two  important  features 
should  be  noted.  (1)  A  high-frequency  transformer  can  be  con- 
structed with  less  active  material  than  (hat  required  for  one  of  a 
lower  frequency,  consequently  a  25—  transformer  will  be  laiger  and 
more  expensive  than  one  for  50—,  the  diiTerence  in  cost  of  atrtive 
material  for  the  above  designs  being  as  great  as  70  per  cent.  (3) 
The  flux  density  in  a  low-frequency  transformer  will,  for  the  same 
output  and  ratio  of  transformation,  be  greater  than  that  in  one 
designed  for  a  higher  frequency.  This  is  quite  logical,  for,  to  obtain 
the  same  specific  iron  loss  at  25—  as  at  so~,  the  induction  must 
be  greater. 

Comparative  Designs  of  a  100-K.V.A.,  50—,  3000/400  Volts,  Oil- 
cooled,  Single-Phase  Transformers  for  98,  98.3,  and  98.4 

PER   CENT.    EfFICIENCV. 

In  order  to  show  the  influence  of  alloyed  iron  on  the  design  of 
a  transformer,  and  also  the  relationship  between  the  efficiency  and 
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the  cost  of  active  material,  the  data  of  three  loo-K.V.A,  50— 
tnuisTormers  constructed  of  alloyed  iron  is  set  forth  below,  the 
calculations  having  been  made  for  efficiencies  of  98,  98.2,  and 
98.4  per  cent. 

Data  upon  tokieh  the  designs  are  based — 
Copper  loss  =  iron  loss,  i.e.  p,  =p^ 

Core  constructed  of  alloyed  iron  sheets,  0.5  mm.  in  thickness. 
Copper  space  factor  =  Fr  =  0.415. 
Iron  space  factor      =F,  — 0.70. 
Price  of  insulated  copper=  is,  lod.  per  kilogramme. 
Price  of  alloyed  iron        =       iid.    „  „ 

C,=  2,C,  =  a.7x  io-<,  and  ^C^=  1.38  X  lo-*. 


Efficiency  at  full-load,  per  cent. 
Tout  loss  in  waMs  ( =  W,)  .         .  | 

Approximale  copper  loss  in  watts  |  =  W,) 
Approximate  iron  loss  in  watts  (-^Wi) 

Design  CaegUienl! — 


We^ht  of  copper  in  kilogram 

Current  density,   amperes  t 

(  =  Qt         .         .         . 
Flux  density  lines  per  sq.  cm 
Shape  of  doss-section  of  core 
Arcs   of   CTo«t.section   of   < 

H^nelic  Hnx  * 


Stiimderj  Winding — 
Number  of  tains  in  series 
Curreitt  in  amperes 
Croas-iectional  area  of  conductor  ii 

Site  of  comluctor  (bwe) 

(insulated)  . 
Number  of  turns  per  core 
Number  of  layers  per  core 
Turns  per  layer      .... 
Radial  depth  of  winding  in  mms.   . 


38.3"  10'" 

6.65  K  lol" 

2.35"  10" 
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Primary  fVittding — 
Number  of  prinuiiy  tum9 
Primary  current  in  nnip^rfs   . 
Cross -sectional  area  a!  coiiduc 

Siie  of  conductor  (bare) . 

„  „         (insulated)  . 

Number  of  sections 
Turns  per  section  . 
Number  of  lai 
Thickness  of  insulation  between 


(mm.)'  ".'"    .        - 
Radial  depth  of  winding  in 


Mean  length  of  secondary  lum  in  c 
Secondary  IR  drop  in  volts    . 
Mean  length  of  pnmary  tnm  .         .         , 
Primary  I R  drop  transferred  to  secondnrj' 
Total  secondary  drop  due  to  ohmic     " 


'.41.42 


Secondary  drop  expressed  as  a  percentage       0.97  % 

Ittduetive  Drep —  I 

Secondary  ampere  turns         ,         .         .       250  x  66 
Distance  between  windings  (  =  i) in  cms.  '       as6 
Radial  depth  of  secondary  windiiffi(  =  jU],  I 

ons. 1.66 

Radial  depth  of  primary  winding  (  =  A,), 

...         .1        3.16 
n  for  both  windings] 


Mean  length  per  1 

(=/)  ■  .-,,-- 

Length  of  winding  .space  (L),  cms.  .  1         36 

Inductive  drop  expressed  as  ft  percentage  |       1.9  % 


Ne-lead  Currenl— 

Mean  length  of  magnetic  circuit  in  cr 

Amp*re-lums  per  cm.  (RMS.  value) 

Magnetising  current  (In) 

Ene^  component  of  no-load  current  (I,) 

No-load  currcnt=  Vlm'-t-T?  . 

No-load  current  as  a  percentage  of  full 

Htating.—ii)   tViudingi— 
Outside  cooling  surface  of  winding   ir 
E(].  decimetres 

Total    ..'..'..'. 
Watts    pet   sq.    decimetre    of    cooling 

Probable  temperature  rise  above  oil 

(»)  Iran— 

Edge  cooling  surface  of  core  and  yoke 
Walls  per  square  decimetre    . 
Probable  temperature  rise  above  oil 


2.47% 


5osq.dcms. 
34^. 


64sq.dcms.   1 

14 

24- C. 
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Iftigkls  andcoUt — 
Weight  of  copper  in  kitogninines  . 
„        iron  laminations  in  kgs. 
I  „        active  material  in  kgs.    . 

I  „        active   maiecial  in  kgs.,   |: 

I  K.  W.  at  unit}'  power  factor 

I      Cost  of  active  malerial  . 

„      active    material    per    K.W. 
unity  power  &ctor 


Efficiency  and  Cost — From  the  above  data  it  will  be  seen 
that  the  cost  of  active  material  increases  rapidly  with  the  efficient^. 
At  98.4  per  cent,  the  cost  of  active  material  is  about  1.9  time 
greater  than  for  an  efficiency  of  98.0  per  cent.  The  degree  of 
efficiency  obtained  from  a  well-designed  transformer  is  thus  largely 
a  matter  of  cost,  and  in  determining  the  most  economical  efficiency 
for  any  particular  worlcing  conditions  the  relation  between  capital 
cost  of  the  transformer  and  cost  of  energy  must  be  taken  into 
account.  In  all  cases  the  efficiency  of  a  transformer  must  be  such 
that  the  working  cost  is  a  minimum.  This  efficiency  for  known 
working  conditions  may  be  derived  as  follows : — 

The  cost  of  active  material  for  a  transformer  is  a  function  of 
the  efficiency  «,  and  is  expressed  by 

P-=/W 
The  cost  of  inactive  material,  such  as  tanks,  clamping   plates, 
cooling  oil — if  any — and    the   expenditure    caused   by   wages,  etc, 
are  partly  proportional  to  Pj,  partly  constant,  so  that  the  total  cost 
of  the  transformer  is  expressed  by 

P  =  C  +  cP,  shillings 
where  C  and  c  are  coefficients.  The  former  varies  in  value  from 
1,5  P  lo  0.5  P,  and  the  latter  from  2.0  to  \.z  according  to  the  size 
of  the  transformer,  the  mode  of  construction,  and  locality  of  the 
manufacturing  works,  being  constant  for  a  given  size  and  known 
mantjfacturing  conditions. 

The  expenditure  per  annum  caused  by  interest  and  d^redation, 
at  X  per  cent.,  is 

j<:  +  x(Y,  =  3;C + xcf  (t) 

The  cost  for  electrical  energy  per  annum  required  to  cover  the 
losses  is  also  a  function    of  the  efficiency  and  =  F  (<).    The  total 
working  <x>sts  per  annum  are  therefore  equal  to 
:.C+:r^(.)  +  F(c) 

r;   izcJbyCjOOglC 
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When  this  is  a  minimum 

/■(.). -^^xF(,) 

,-...  cost  of  active  material  -  -  "»"  of  energy  per  annum  to  core 


Referring  to  Figure  raa — 

F'(c)      =tana 

and/'{<)     ^tan/3 

hence  for 


working  costs 


tanj3_ 


That  is,  the  most  favourable  point  on  the  curve  P,=/  («)  is  that 
point  the  tangent  at  which  forms,  with  the  axis  of  abscisss,  an 
angle  j8,  the  negative  sign  denoting  that  the  angles  a  and  /S  are  to 
be  plotted  in  opposite  directions  with  regard  to  the  axis  of  abscissae. 
All  that  it  is  necessary  to  know  is  therefore  the  values  of  x  and  c, 
the  cost  per  kilowatt  hour,  and  the  load  factor  at  which  the  transformer 
is  operated. 

Example. — Suppose  the  above  transformers  C,  D,  E  are  to 
be  connected  to  a  circuit  the  nature  of  whose  load  is  such  that  they 
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will  be  operated  continuously  at  full-load  for  lo  hours  per  day  and 
365  days  per  year.  It  is  required  to  determine  the  most  suitable 
transformer  for  two  conditions,  namely,  when  the  price  per  K.W.- 
hour  to  be  charged  to  the  energy  lost  in  the  transformer  is  id.  and 
jd.  respectively. 
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In  Figure  122  curTe/(«)  gives,  for  the  three  designs,  the  cost  of 
active  material  as  a  function  of  the  efficiency.  For  energy  at  id. 
per  unit  curve  F  (<)  shows  how  the  cost  of  energy  lost  in  the 
transformer  per  annum  varies  with  the  efficiency.  If  12  per  cent, 
be   allowed    for    interest    and  depreciation,   and   the  value    of   the 


Oulpul  in  K.V.A. 
Fig.  133. — Efficiency  curves  lor  traiuformers  cooled  by  natural  draughl. 
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Fig.  124. — Eflicienc]'  curves  for  oil'immersed  transformei. 

coefficient  c  be  token  as  1.8,  then  since  tan  a-0.33,  the  angle  fi  is 
given  by 

^=u„-.(->i5^)=.a„-.(--jML)=-„. 

When  a  tangent  is  drawn  to  curve  /  (()  such  that  it  makes  with 
the  aus  of  abscissa:  an  angle  /3=57°,  it  will  be  found  that  the  most 
favourable  efficiency  is   98.3   per  cent     Hence  either  design  D  or 
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design  E  may  be  selected.  When  enei^  is  3d.  per  unit  the  trans- 
former design  having  an  efficiency  of  98.4  per  cent,  would  be  the 
most  suitable. 

For  unknown  working  conditions  the  efficiency  has  to  be  assumed, 
for  which  purpose  the  curves  in  Figures  1Z3  and  124  maybe  employed. 
As  the  temperature  rise  is  approximately  inversely  proportional  to  the 
efficiency,  the  latter  must  be  high  enough  to  prevent  undue  heating. 
Figure  ia3  gives  the  efficiencies  of  transformers  with  natural  drai^ht 
cooling,  the  temperature  rise  of  which  is  limited  to  50°  C,  whilst 
the  curves  of  Figure  124  are  for  oil  cooling. 

Design  of  Transfobmbrs  as  Influenced  bv  the  Employment 
OF  Alloyed  Iron 

A  study  of  the  four  designs  for  a  50^  transformer  indicates  the 
great  advance  that  has  been  made  due  to  the  introduction  of 
alloyed  iron.  From  designs  A  and  C,  it  will  be  seen  that  in  the 
case  of  a  ioo-K.V.A.  transformer  built  with  alloyed  iron,  the  same 
full-load  efficiency  can  be  obtained  with  37  per  cent  of  the  active 
material  required  for  a  transformer  using  ordinary  iron,  the  product 
QB„  being  now  3.3  times  greater  than  in  the  original  transformer. 
As  regards  the  no-load  current  the  alloyed  iron  transformer  is  some- 
what inferior,  whilst  as  to  regulation  there  exists  no  material  difference 
between  the  two  designs. 

If  the  alloyed  iron  transformer  could  be  worked  at  as  low  an 
efficiency  as  the  transformer  with  ordinary  iron,  the  reduced  cost 
of  active  material  would  be  considerable.  This,  however,  is  not 
permissible  unless  more  efhcient  cooling  methods  are  adopted. 
Consequently  what  may  be  expected  from  the  use  of  alloyed  iron 
in  transformers  of  40-'  and  upwards  is  a  somewhat  increased 
efficiency  and  a  reduction  in  cost  of  active  material  by  about  20  or 
30  per  cent,  as  compared  with  transformers  built  with  ordinary  iron. 
For  instance,  of  the  three  transformers  with  alloyed  iron,  the  second 
would  be  the. one  selected  as  being  Che  cheapest  design  which 
complied  with  the  heating  limits  given  in  the  specification  on 
page  159,  the  first  design  being  excluded  owing  to  the  excessive 
temperature  rise  of  the  iron  above  the  oil.  When  transformer  D 
is  compared  with  transformer  A  it  will  be  observed  that  the  efficiency 
is  98.1  per  cent,  as  against  98.0,  while  the  cost  of  active  material 
is  30  per  cent.  less.  Another  point  to  be  remembered  is  that  the 
mechanical  construction  and  the  means  of  cooling  will  be  cheaper 
for  the  transformer  with  alloyed  iron,  as  the  dimensions  are  smaller, 
and  smaller  losses  have  to  be  dissipated. 

Although  a  reduction  in  cost  of  active  material  of  the  above  order 
can   be  obtained  for  the  present  standard  efficiencies  at  50.-',  this 
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reduction  in  cost  is  not  possible  with  transformers  designed  for  a 
frequency  of  30~  or  less.  Below  this  frequency,  the  magnetic  induction 
cannot  be  increased  much  above  the  value  at  present  used  in  transformers 
built  with  ordinary  iron,  owing  to  the  excessive  no-load  current  nhich 
results  from  an  increase  in  the  induction.  Hence  the  employment  of 
alloyed  iron  in  low-frequency  transformers  results  in  a  considerable 
increase  in  efficiency,  there  being  very  little,  if  any,  reduction  in  price. 

Design  of  a  500- A".  V.A.  single-phase  Transformer  of  the 
shell  type — Oil  insulated  and  IValer  cooled 

As  an  example  of  a  single-phase  transformer  of  the  shell  type,  a 
design  to  fulfil  the  following  specification  will  now  be  calculated. 

Specification — 

Rated  output  at  50~ =  500  K.V.A. 

Primary  terminal  pressure     .         ,        .        .  =  6600  volts. 

Secondary    „  „         .        .        .        .  =390      „ 

Full-load    efficiency,   for    cos  ^=1,   not    to    be    less  than  98.7 

per  cenL 
Voltage  drop  for  cos  1^  =  0.80  not  to  exceed  2.5  per  cent,  ' 

Temperature  rise  of  any  part  not  to  exceed  50°  C. 
Transformer  to  be  operated  continuously  at  full  load. 

Des^rn.— For  this  frequency  alloyed  Iron  0.5  mm.  in  thickness 
will  be  employed.  The  loss  at  full  toad  will  be  divided  equally 
between  iron  and  copper  so  that  p,=pi=o.^.  As  the  total  loss  W,= 
6600  watts,  W,=  \V,=-33oo  watts.  For  a  primary  pressure  of  6600 
volts,  r,  =  o.35,  and  from  Table  XIII.  page  158,  Fj=o.7i,  this  allows 
for  9  ventilating  ducts.  The  constants  C„  JC^  and  C^  will  have  the 
following  values:  €,  =  2.7  x  lo^*,  ^Cj=  1.38  x  lo**,  and  Co  =  2.  In 
deriving  the  value  of  C^  it  is  assumed  that  insulated  copper  wire  and 
stamped  alloyed  sheets  cost  is.  lod.  and  iid.  per  kilogramme 
respectively. 

Design  Coefficients  (from  p.  159) — 
;  180  X  10"* 
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From  the  equations  on  p^e  159  the  values  of  a,  b,  and  e  expressed 
1  terms  of  i^  are  as  follows : — 


/  18.2  X  10'*  „  „  „  A     ,     0.09  d— 


d-^za  _    d-\-(3  X0.9  rf) 

'  ya-i^'M^'^d-i 

a  180  xio"" 


2.8  d 


For  various  assumed  values  or  d,  Ihe  corresponding  values  of  a,  i,  t,  and 
QB„  are  calculated,  and  from  the  following  table  it  will  be  seen  that 
the  linear  dimensions  coiresponding  to  a  maximum  value  of  QB„ 
(=1.53x10')  are 

0  =  300  mms. ;  ^=-415  mms.  j  ^=630  mms. ;  and  d=32o  mms. 


rf  (assumed). 

.. 

b. 

'■ 

QB„. 

cms 

cms. 

18 

47-5 

70 

1. 50x10* 

19 

ljixk/ 

63 

!I3 

M,7 

41.0 

60. 5 

..51  MO- 

A  dimensioned  sketch  of  the  core  plates  is  given  in  Figure  125A, 
corresponding  to  the  lettering  given  in  Tigure  1 18. 

Weight  of  copper  =  K,  =  —^5??_x 1 x     /    0-5x0-5 

^  ^'  1.53  x>o«     1-38  X10-*     V2X2.7XIO-* 

=s  660  kgs. 
Weight  of  iron     =K,=  1320  kgs. 

Current  density    =Q-  .  /. ■^'-''°         =i7e 

'         ^      V   1.7x10-*  X  660        " 

Flux  density         =B^^^'^^.— =  11,300  lines  per  sq.  cm. 

Windings — 
Area  of  cross-section  of  core  =  A  =  F,.£/.f.  =  o.7i  x  22  x63  =  98o 

sq.  cms. 
Magnetic  fluK  =  *=B„x  A—  11,300  x98o=  ii.i  x  lo*  lines. 

Number  of  secondary  turns  =  T,=  — -^^^  ^  ""' —  =16 

4.44X5OX  II.I  xio» 

Ratio  of  transformation  =  —^  =  1 7 
390 
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Number  of  primary  turns  =  T,=  17  x  16  =  272, 

Secondary  current  =  I,=  1300  amperes. 

Cross-sectional  area  of  secondary  conductor  =  960  sq.  mms. 

Primary  currCDt  =  Ij,=  77  ampbres. 

Cro9s-seclional  area  of  primary  conductor  =  57  sq.  mms. 

For  the  present,  it  will  be  assumed  that  the  primary  and  secondary 
are  each  wound  in  8  sections  and  arranged  thus — 

S,  PP  SjS,  PP  SjSs  PP  S,S,  PP  S, 

The  primary  sections  are  all  connected  in  series,  while  the  secondary 
sections  with  the  same  suffix  numbers  are  in  pataliej.  Each  secondary 
section,  consisting  of  4  turns  and  carrying  one-half  the  total  current, 
is  wound  with  9  copper  strips,  wound  on  the  flat,  10x4.8  mms, 
connected  in  parallel.  The  strips  are  bound  together  with  tape,  and 
when  insulated  the  size  of  the  conductor  =  1 1  x  44  mms.  After  being 
wound  each  section  is  separately  insulated  with  press-spahn  and 
tape  to  a  width  of  about  13  mms. 

The  primary  sections  are  wound  with  34  turns  of  14x4  mm. 
copper  strip,  there  being  i  turn  per  layer.  The  strip  is  double  cotton 
covered,  and  the  insulation  between  the  layers  is  reinforced  with  a 
continuous  strip  of  special  insulating  material  about  0.5  mm.  thick. 
Each  section  is  finally  insulated  to  a  thickness  of  about  3  mms,  with 
oiled-linen  and  press-spahn. 

The  spacing  of  the  windings  inside  the  iron  openings  is  shown  in 
Figure  1  a6  (p.  185).  Adjacent  primary  sections  and  adjacent  secondary 
sections  are  separated  by  barriers  of  insulating  materia!  5  mms,  and 
3  mms,  thick  respectively.  Spacing  blocks  of  paraffined  teak  are 
inserted  between  neighbouring  primary  and  secondary  sections,  thus 
giving  the  cooling  medium  free  access  to  the  windings.  When  the 
latter  have  been  assembled  they  are  bound  together  with  press-spahn 
and  Diicanite  insulation,  so  that  ultimately  the  primary  and  secondary 
coils  are  separated  from  the  core  by  10  mms.  thickness  of  insulation. 
To  facilitate  the  circulation  of  oil  at  that  portion  of  the  winding  which 
extends  beyond  the  core,  the  ends  of  the  coils  are  spread  out  as  shown 
in  Kgure  53. 

Heating^. —  Windings — 
Surface  of  primary  winding  in  contact  with  oil  =  350  sq.  decimetres. 

„      secondary  winding  in  contact  with  oil  =  370  „ 

Total  cooling  surface  of  windings  =720  „ 

Hence  temperature  .drop  from  copper  lo  oil    =  K  ,  -— 
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PlO.  125A.— Core  pLates  for  500-K.V.A.  shell  inuuformer. 


Fig.  1258.— 5(xi-K,V,A,  shell-type  tramTonner. 
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Iron. — Since  the  iron  edge  surface  inside  the  core  is  closely  packed 
with  insulation,  it  cannot  contribute  to  the  cooling  surface,  so  that  it  is 
only  necessary  to  calculate  the  outer  edge  surface.  As  the  latter 
=  150  sq.  decimetres,  the  temperature  drop  between  iron  and  oil  will 

be  about  ^^ — ^  ^— =  zj'  C.     The  drop  in  temperature  between  oil 

and  outside  air  must  not  exceed  28°  C. 

Case  and  Cooling  Worm. — A  suitable  size  of  case  for  this 
transformer  would  be  130  cms.  x  no  cms.  by  about  160  cms.  high 
(see  Figure  1253).  The  surface  in  contact  with  oil  =  140  sq.  decimetres 
for  bottom  of  tank +  7  70  sq.  decimetres  for  sides.  As  the  tank  is 
corrugated  so  as  to  increase  the  cooling  surface  of  the  sides  by  about 
100  per  cent,  the  total  cooling  surface  of  tank  =  1650  sq.  decimetres. 
Since  the  temperature  rise  of  oil  above  external  air  has  not  to  exceed 

28*  C,  the  case  can  dissipate  — j,--  watts  = 5_  =  3ooo  watts. 

K.  IS 

The  remaining  350a  must  be  dissipated  by  artificial  cooling,  that  is  to 
say,  by  means  of  water  or  forced  draught.  If  the  entire  loss  of  6500 
watts  were  dissipated  by  natural  cooling  an  excessive  size  of  case  would 
be  necessary.  The  additional  cooling  facilities  will  be  provided  by 
means  of  a  cooling  worm. 

From  formula  on  page  135,  the  volume  of  water  required 
=  a48x  io"*x3.5  =  i.7  x  10-*  cubic  metres  per  second  =- 61  cubic 
metres  per  hour.  Assuming  the  rate  of  flow  to  be  0.6  metre  per 
second,     the    cross-sectional    area    of    tube  =  ''^  '"°   =  2.83  x  lo'* 

sq.  metres  =  2.83  sq.  cms.  The  tube  must  therefore  have  a  bore  of 
1. 91  cms.,  say  £  cms.  If  the  average  temperature  of  the  cooling  water 
be  the  same  as  that  of  the  external  air,  then,  for  a  drop  in  temperature 
from  oil  to  cooling  water  of  28°  C,  the  surface  area  of  coohng  worm 
required  is 

A  =  K .  -=  =  — ^ — 55 —  =  ago  sq.  decimetres  =  29,000  sq.  cms. 

For  a  pipe  of  2  cm.  bore  the  length  required  =  ^^^5??  =  4600  cms. 
The  cooling  worm  will  therefore  consist  of  twelve  turns.  A  sectional 
elevation  of  the  transformer  is  given  in  Figure  125. 

Inductive  Drop. — From  equation  {9),  page  96,  the  inductive  drop 
expressed  as  a  percentage  is 

V  per  cent.  =  50 .  ^ti  .  ^^ .  (i  +  ^-^^^j 

where  n  B  number  of  double  sections  =  8. 

AT  =  secondary  current  x  turns  per  double  section  =■5200. 
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^  =  distance  of  copper  to  copper  between  a  primary  and 
its  neighbouring  secondary--  i.S  cms. 
iij  =  thickness  of  a  double  section  of  primary  =  4.4  cms. 
a^  =  thickness  of  a  double  section  of  secondary  =  2.8  cms. 
/  =  mean  length  of  two  coils -=230  cms. 
/  =depth  ofcoil=i8  cms. 

Substituting  these  values  in  the  above  equation 

Vpa,cen..-SOK:^._i!£i_,.(,.8  +  li±«),3„/,8 

OI.I3  percent 

If  the  16  sections  into  which  the  windings  are  divided  be  interieaved 
as  follows : — 

SS  PPPP  SSSS  PPPP  SS 
SSSS  PPPPPPPP  SSSS 

Then  the  values  of  the  inductive  drop  would  be  5.3  per  cent,  and 
IS  per  cent,  respectively,  thus  showing  that  with  suitably  desigrted 
windings  any  degree  of  regulation  can  be  obtained. 


Comparison  of  Tvpes  and  Effect  of  Space  Factor  or 
Windings  on  Cost  of  Material 

In  the  following  tables  are  given  the  principal  design  data  for  a 
50-K.V.A.,  50-period,  single-phase  transformer  of  the  following  types : 
(i)  circular  core,  (2)  rectangular  core,  and  (3)  rectangular  shell.  The 
calculations  for  each  type  have  been  made  for  (1)  a  low-tension 
transformer  having  a  copper  space  factor  Ft  =  o.s,  and  (a)  a  high- 
tension  transformer  having  F,  =  o.is,  In  all  cases  it  is  assumed  that 
the  core  is  constructed  of  alloyed  iron  0.5  mm.  thick,  and  that  the 
ratio  between  price  per  kilogramme  of  copper  and  iron  =  Co="2.  The 
other  constants ^C2=r, 38  X  lo"*,  Ci  =  a. 7  X  lo-*,  and  cost  of  insulated 
copper  wire  =  is.  lod. 

From  the  following  data  it  will  be  seen  that  the  difference  in  the 
amount  of  material  for  the  three  types  is  very  small.  For  high  copper 
space  factors,  the  rectangular  shell  type  is  slightly  superior  to  the  other 
types,  while  for  low  space  factors  the  reverse  is  the  case.  The  latter 
designs — the  conclusions  here  drawn  are  applicable  to  all  sizes — 
therefore  confirm  a  statement  made  in  the  previous  chapter,  namely, 
that  there  is  very  little  to  choose  between  the  various  types,  as  whoi 
the  same  amount  and  quality  of  active  material  is  employed,  and  the 
designs  are  correctly  made,  the  electrical  data  of  the  various  types  will 
not  vary  appreciably. 
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It  is  of  further  interest  to  note  that  a  reduction  in  value  of  the 
copper  space  factor  from  0.5  to  0.25,  i.e.  to  50  per  cent,  of  its  original 
value,  corresponds  to  an  .increase  in  the  cost  of  active  material  of 
approximately  45  to  57  per  cent,  for  the  different  types.  Hence  high- 
tension  transformers  will,  for  the  same  efficiency,  be  more  expensive 
than  low-tension  ones,  or  if  the  costs  have  to  be  the  same,  then  the 
former  must  be  designed  for  a  much  lower  efficiency  than  the  latter. 


Examples  of  Designs 

\oo-JC.  V.A.,  5o~ ,  6ooo/a3oo  volts,  siitgU-Jihase,  oil-immersed  transformer 

of  the  core  type;  constructed  by  fohnson  &•  Phillips  Ltd. 

The  drawings  of  this  transformer  are  given  tn  Plate  I.  The  core, 
of  rectangular  ooss-section,  is  built  up  of  alloyed  sheets  0.5  mm.  thick, 
uid  is  divided  into  four  equal  parts  by  three  9.5  mm-  ventilating  ducts. 
The  cores  and  lower  yoke  are  in  one  piece,  white  the  top  yoke,  built 
up  of  the  laminations  stamped  out  from  between  the  cores  of  the 
Uhstamping,  is  laid  across  with  butt  joints.  The  clamping  plates  are 
cast  in  the  fonn  of  a  grid,  and  from  the  drawings  it  will  be  observed  that 
none  of  the  clamping  bolts  pass  through  the  laminations. 

The  coils  are  wound  concentrically  with  the  secondary  inside.  The 
fitter  is  divided  into  two  sections  pet-  core,  and  spaced  out  from  the  core 
by  9.5  mms.  wood  distance  pieces.    Each  section  is  wound  with  75  turns. 


i8o 
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arranged  in  5  layers  with  15  turns  per  layer.  The  conductor  is  bound 
over  with  tape  to  a  thickness  of  i  mm.,  and  adjacent  layers  separated 
by  a  3  mm.  layer  of  press-spahn.  Each  section  is  finally  insulated  with 
a  1.6  mm.  thickness  of  empire  cloth. 

The  primary  winding  on  each  core  is  divided  into  5  sections,  each 
wound  with  81  turns  in  9  layers.  The  details  of  the  insulation  for  the 
primary  are  as  follows ; — 

Thickness  of  tape  round  conductor  =0.5  mnas. 

Thickness  of  press-spahn  between  layers  ,     =3,0     „ 

Thickness  of  empire  cloth  forming  external  insulation  =:  1.6      „ 

Distance  between  adjacent  sections       .        .  =9-5     » 

The  primary  sections  are  placed  over  the  secondary,  but  separated 

therefrom  by  9.5  mm.  fibre  distance  pieces.     The  spacing  between  the 

core  and  the  secondary  and  between  the  primary  and  earth  is  clearly 

shown  in  the  drawings. 

The  containing  tank  is  of  plain  wrought  iron,  130  cms.  x  90  cms. 
by  135  cms.  high.  The  distance  from  bottom  of  tank  to  oil  level  is 
approximately  no  cms. 


Spbcification— 

Output  in  K.V.A 

100 

Frequency  in  cycles  per  second  . 

50 

Priiniry  volls 

6000 

Secondary  volls 

3200 

MaONBTIC  ClHCUlT— 

Net  cross-section  of  iron  in  core  and  yoke 

3S3  cms." 

Flux  dennty  in  core  and  yoke  (B^) 

gjoo  lines  per  cm.' 

Magnetic  flux  4> 

3.3s  XT<^  lines 

Wfflght  of  core  and  yokes 

475  I'gs. 

WiNDINCS—                                                           Primary. 

Serimdi^. 

Turns  in  series  per  phase                                  810 

300 

Numbei  of  sections                                             10 

4 

Turns  per  section            .                                    81 

75 

Mean  length  per  turn      .            .                 130  cms. 

too  cms. 

Siic  of  conductor  (bare).            .   6.1  mm.  x  2.03  mm. 

io.i6mm.>i3.43min. 

Current  in  ampires                     .                        17 

45-5 

Cunent  density  in  ampires  per  cm,'                137 

130 

Resistance  per  phase  at  60°  C.    .            1.62  ohms 

0.1S2  ohms 

Copper  drop  at  60°  C.     .            .            27.5  volts 

8.3  volts 

Copper  loss  at  60°  C.      .                         470  waits 

375  watts 

Space  factor        .            ,            .            .            . 

Losses  and  Ekficibncv  at  FullLoad— 

Iron  loss  (observed)        .... 

96S  walls 

Loss  per  kg.  at  50*-       .... 

2.03    „ 

Total  copper  loss  at  60°  C. 

845     ., 

Efficiency  at  unity  P.F.  .... 

98.3  per  cent. 

Fractional  copper  loss  (M 

•     0-47 

Fractional  iron  loss  (/() . 

■     0-S3 

„Googlc 
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HUTING— 

Windings— 

Coppei  loss  per  limb 

EffiKtive  coaling  tur&ce  per  limb 

Watis  per  square  decimetre  of  cooling  sui&ce 

C»rt~ 

ToUl  iron  loss    . 

Edge  cooling  suibce 

Walts  per  square  decimetre  of  cooling  surface 

Total  losi  for  iron  and  copper 
EHectlve  cooling  suTface  of  tank 
Watts  per  square  decimetre 
Temperature  rise  above  air 
Heating  coefficient  (K) 


96s  watls 
95  decimetres* 


600  decimetres' 


Wbights — 

Weight  of  copper  ......  208  legs. 

Weight  of  iron 475   „ 

Weight  of  iron -T- weight  0/ copper  =  Co  .  .2-3 

Weight  per  K.W.  for  cos  ^=  I 6.8  kgs. 

^%^-K.V.A.i  25-^,  6450/390  volis,  single-phase,  oil-immersed  transformer 
of  the  core  type:  constructed  by  Dick,  Kerr  is-  Co.  Ltd. 

The  following  data  relates  to  three  single-phase  transformers  for 
supplymg  current  to  a  6-pbase  6go-K.W.  rotary  converter.  The 
primaries  are  connected  in  star  to  an  1  t,ooo  volts,  3-phase  supply. 
The  secondary  of  each  unit  is  wound  in  two  sections,  and  the  three 
sets  of  sei:ondaries  connected  in  double  mesh.  For  the  constructional 
details,  see  Plate  II. 

The  core,  of  rectangular  cross-section,  is  constructed  of  ordinary 
transformer  iron  0.35  mm.  thick.  The  laminations  are  made  up  into 
four  blocks  (tm>  cores  and  tvo  yokes),  which  are  put  together  with 
imbricated  j<Mnts  and  clamped  between  suitable  end-plates,  all  bolts 
passing  through  the  core  being  insulated  therefrom  with  press-spahn 
tubes. 

The  secondary,  consisting  of  two  sections  per  limb  (one  for  each 
phase),  and  z8  turns  per  section  in  one  layer,  is  wound  over  a  press- 
spahn  former.  For  the  primary  winding  there  are  four  sections  per 
limb,  each  section  being  wound  in  5  layers  with  18,  18,  18,  iS,  and  16 
turns  per  layer.  The  bottom  section  of  the  primary  rests  on  a 
paraffined  teak  flange,  which  in  turn  is  supported  on  porcelain  insulators 
fixed  to  the  clamping  plates.  By  means  of  suitable  distance  pieces,  a 
space  of  about  6.5  mms.  is  lefl  between  adjacent  sections,  and  to 
facilitate  the  circulation  of  the  cooling  oil  a  clearance  of  12.5  mms.  and 
15.4  mms.  respectively  is  left  between  the  secondary  and  the  core,  and 
between  primary  and  secondary. 


^jQOgk' 
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Spkcification— 

Output  in  K.V.A,           .......  ajs 

Frequency  in  cycles  pet  second  ......  is 

Primary  volts  6450 

Secondary  volts  ■            ■            ■            ■                         ...  ^^ 

Magnbtic  Circuit — 


Netc 


Flux  density  in  c 
Magnetic  flux  4 
Weight  of  cotes  and  yokes 


iron  in  core  and  yoke 
and  yoke  (B„) 


^  per  phase 
clions  per  phase 


.t  60°  C. 


ss 

174  cms. 

rmm.  x6.ani 

36.5ampircs 

ISO 

1,05  ohm 


[■  FULL-LoAI>— 


Windings — 

Turns  in  sei 

Number  of 

Turns  per  5 

Mean  length  per  turn 

Siie  of  conductor  (bare) 

Current  per  phase 

Current  density  in  ampt: 

Resistance  pet  phase 

Copper  loss  per  pbasi 

Space  factor  (F^) 
Losses  and  Efficibncv  > 

Iron  loss  (observed) 

Loss  pel  kg.  at  25~ 

Total  copper  loss  at  60°  C, 

Efficiency  at  unity  power  factor 

Fractional  copper  loss  (/c) 

Fraclioual  iron  loss  (/i) 
Heating— 
Winding! — 

Copper  loss  per  limb      .... 

Effective  cooling  surface  per  limb 

Watts  per  square  decimelre  of  cooling  surface    . 
Care- 
Total  iron  loss    . 

Edge  cooling  surface       .... 

Watts  per  square  decimetre  of  cooling  surface    . 
OU— 

Total  loss  for  iron  and  copper    . 

Effective  cooling  surface  of  tank 

Watts  per  square  decimelre 

Final  temperature  rise  above  air  (attained  aflet  twenty- 
full-load) 

Heating  coefficient  K     . 
Wbights— 

Wtight  of  copper  .... 

Weight  of  iron 

Weight  of  iron -f  weight  of  copper  =  Co  . 

Weight  per  K.W.  for  cos  *.=  i  . 


8680  tines  per  cni.> 
.  6.3  X  ic^  lines 


140  cms. 

I  mm.  X  3.4 1 
30Oamp*rc! 


leofoi 
Weight  of  oil 


730  kgs. 
1700  kgs. 


jd  by  Google 
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5SO-K.V.A.,  33j~,  11000/372  volts,  single-phase,  air-blast  transformer 
of  the  shell  type  :  constructed  by  the  British  iVestinghouse  Co.  Ltd. 

This  transfonner,  the  drawings  of  which  are  given  in  Plate  III., 
is  one  of  several  which  have  been  installed  in  the  sub-stations  of  the 
London  Metropolitan  Railway,  for  supplying  current  to  rotary  converters. 

The  core  is  of  rectai^ular  cross-section,  and  is  built  up  of  ordinary 
transfonner  iron  0.35  mm.  thick,  the  core  and  yolces  being  interleaved 
at  the  comers.  For  ventilation  the  core  is  divided  by  nine  6.5  mm. 
gaps  into  Id  equal  parts. 

Tlie  primary  and  secondary  windings  are  wound  in  four  and  eight 
sections  respectively,  and  ananged  thus — 

SSSS  PPPP  SSSS 
Eadi  primary  section  is  made  up  of  two  coils,  the  conductor,  of  flat 
copper  strip,  being  wound  concentrically  with  one  turn  per  layer.  In 
addition  to  the  double  cotton-covered  insulation,  adjacent  layers  are 
separated  by  specially  treated  fuller-board  0.6  mm.  thick.  The  fuller- 
board  is  also  used  in  the  manufacture  of  the  insulating  shields  between 
adjacent  coils.  When  completed  the  two  coils  forming  a  section  are 
bound  together  with  tape  and  insulated  to  a  depth  of  4  mms.  with 
several  layers  of  empire  cloth.  The  high-tension  coils  are  all  connected 
in  series  across  the  primary  terminals. 

The  secondary  sections,  each  consisting  of  4  turns  and  wound  with 
eight  copper  strips  in  parallel,  are  insulated  in  a  similar  manner  to  the 
high-tension  coils,  with  the  one  exception  that  the  flnal  outside  insulation 
b  only  I  mm.  thick.  The  low-tension  windings  consist  of  two  circuits 
in  parallel,  each  circuit  having  four  sections  in  series. 

After  being  specially  treated  to  render  them  perfectly  moisture 
proof,  the  sections  are  assembled,  as  shown,  in  adjacent  sections,  being 
separated  by  9.5  mm.  teak  distance  pieces.  The  insulation  between 
the  windings  and  the  case  is  entirely  of  fuller-board. 

The  transToTmer  is  mounted  in  a  cast-iron  housing,  the  different 
parts  of  which  are  held  together  by  bolts  which  pass  from  the  upper 
to  the  lower  casting.  These  bolts  also  serve  to  clamp  the  iron  of  the 
transformer,  which  rests  on  the  lower  casting.  At  each  end  of  the  base 
are  parallel  openings  which  give  access  to  the  high-tension  terminals, 
these  being  supported  on  porcelain  insulators  Hxed  to  the  base  of  the 
lower  casting.  The  low-tension  terminals  are  mounted  on,  but  insulated 
from,  an  iron  bar  fastened  in  the  top  casting. 

The  air  blast  is  sent  into  the  transformer  through  an  air  duct  in  the 
floor,  the  iron  and  copper  being  separately  cooled.  The  air  for  cooling 
Uie  coib  passes  up  through  the  transformer  between  the  windings  and 
discharges  through  an  opening  in  the  top  of  the  case,  while  that  for 
cooling  the  iron  passes  from  the  lower  housing,  through  a.  regulator  at 
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one  side  of  the  transformer,  and  then  honzontally  through  the  ducts  in 
the  core. 

Spbcification— 

Output  iu  K.V.A.  .......      550 

FTequency  in  cycles  per  second  ......       33} 

Primary  volts  11,000 

Secondary  volts  ■■■■■■■  ^^^ 

Maonbtic  Circuit— 


Flui  density  (B„J 
Magnetic  flux  <!>. 
Weight  of  core  and  yokes 

10,700  lines  pet  em.' 

15.75x10' lines 

a46okgs. 

Wl  N  DISCS— 

Turns  in  scries  per  phase 
Number  of  sections 
Mean  length  per  turn       . 
Section  of  conductor  (bare) 
Current  per  phase 

Current  density  in  amperes  per  cm.' 
Resistance  per  phase  at  60°  C.    . 
Copper  loss         .            .            . 
Space  &clor 

Primary, 
473 
4 
zSocms. 
3a  mm.' 
Soampires 

160 
0.74  ohm 
1850  watts 

Suondary. 
16 

2x4 

270  cms. 

8  mm.' -8  in  parallel 

r4So  amperes 

□.00077  ohm 
1700  walls 

.      0.29 

Losses  and  Efhcikncy  at  Fui.l-Load— 

Iron  loss  (observed) 
Loss  per  kg.  at  33i~     . 
Total  copper  loss  at  60°  C. 
Efliciency  at  unity  power  factor  . 
Fractional  copper  loss  {/>r) 
Fractioiwd  iron  loss  (/,) . 

440OWBtlS 

1.8    „ 
3550    „ 
98.6  per  cenl. 
.     0-45 

.     O.SS 

Weights- 

Weight  of  copper 

Weight  of  cote   . 

Weight  of  iron  +  weight  of  copper  =  C, 

Weight  per  K.W.  for  cos  *=  I  . 

865  kgs. 

.         a4to   „ 

.       3.1 

5.9  kp- 

Test  Rbsults— 

/TrartV-— With  an  air  blast  of  46  cubic 
above  externa]  air  was  as  follows : — 
Core       . 

Low-tension  winding      . 
High-tenwon  winding     . 

te  the  temperature  rise 

.iS'C 
.I7*C. 
.29-C. 

Regulation  for  unity  power  factor 
Regulation  for  cos  ^=a8 

5.75  per  cent. 
ii.S        .. 

This  transformer  was  designed  for  a  high  reactance,  and  hence 
poor  regulation,  so  that  the   voltage  on  the  direct  current  side  of 
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the  converter  could  be  varied  over  a  wide  range  by  simply  adjusting 
the  exciting  current  (see  p.  445)-  The  requisite  amount  or  leakage  is 
obtained  by  grouping  all  the  primary  sections  together  and  surrounding 
them  with  a  sheet  of  high  permeability  iron,  marked  reactive  iron  in 
the  drawing. 

4450-^.  V.A.^  ^S— ,  single-phase,  air-biast  transformer  of  the  core  type  : 
constructed  6y  the  Oerlikon  Company. 

This  transformer  is  one  of  three  which  supply  3-phase  currents 
to  furnaces  used  for  the  preparation  of  calcium  carbide.  Besides  being 
a  good  example  of  the  application  of  transformers  to  chemical  furnaces 
where  the  electrical  energy  is  transmitted  from  a  waterfall  situated  at 
Borne  considerable  distance  from  the  chemical  works,  this  design  is  of 

( 


Fig.  126. — Design  of  windings  and  insulation  or  500  K.V.A.  shell  transToinier. 

special  interest,  as  it  represents  one  of  the  laigest  transformers  made  up 
to  the  present.  The  drawings  are  given  in  Plate  IV.  The  transformer 
is  forced  ventilated,  the  air  blast  being  admitted  from  below  through  a 
culvert  in  the  floor  of  the  transformer  house.  The  blast  ascends 
through  the  windings  and  core,  the  latter  being  constructed  with  six 
vertical  air  ducts.  The  base  plate  of  the  containing  case  is  mounted 
on  wheels,  which  run  on  rails  laid  over  the  ventilating  culvert. 

The  primary  voltage  is  15,000,  and  by  selecting  a  suitable  number 
of  primary  turns,  any  secondary  voltage  between  1 15  and  155  can  be 
obtained.  On  account  of  the  exceptionally  large  secondary  current — 
28,700  amperes — it  is  necessary  to  winding  the  low-tension  coils  of 
massive  copper  strip  which,  when  the  transformers  are  in  use,  will  have 
an  eddy  current  loss  almost  equal  to  that  due  to  the  ohmic  resistance 
itself.     The  joints  in  the  secondary  winding   must   be  very  carefully 
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riveted  and  soldered,  as  these  connections  always  form  a  delicate 
part  of  the  transformer.  If  the  contact  be  bad  local  heating  will 
result,  causing  the  contact  to  become  worse  and  worse  and  the 
heating  to  increase,  until  finally  the  solder  melts  and  the  insulation 
between  primary  and  secondary  breaks  down. 


Fic  137. 

When  used  for  furnace  work,  transformers  are  frequently  subjected 
to  severe  short  circuits  producing  extremely  heavy  momentary  currents, 
which  may  cause  serious  damage  to  the  windings.  In  order  to  limit 
the  magnitude  of  the  current  on  short  circuit,  transformers  for  chemical 
work  should  be  designed  for  an  inductive  drop  of  from  6  to  8  per 
cent.  For  this  reason  the  distance  between  primary  and  coils  is 
made  somewhat  greater  than   that  actually  required   for  insulating 
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purposes.  This  expedient  considerably  increases  the  facilities  for  cool- 
ing, and,  moreover,  as  the  furnaces  are  always  operated  at  full-load, 
the  large  inductive  drop  will  not  occasion  variations  in  the  secondary 
terminal  P.D. 

The  high-tension  winding,  placed  inside,  has  the  coils  of  each  core 
in  series,  each  coil  heing  sub-divided  into  twenty-one  sections  insulated 
from  one  another  with  fibre  arranged  so  as  to  permit  an  easy  circulation 
ofthe  air  blast  The  total  number  of  turns  in  series  is  492.  By  special 
arrangement  of  connections  to  the  primary  winding,  three  of  which  are 
shown  in  Figure  126,  it  is  possible  to  obtain  the  following  secondary 
volts — 

115,  121,  127,  13s,  145,  and  15s. 

The  low-tension  winding  consists  of  8  turns  in  series  arranged  4  on 
each  core,  the  conductor  consisting  of  4  copper  strips  in  parallel.  A 
micanite  cylinder  8  mm.  in  thickness  separates  the  primary  coils  from 
the  core  and  from  the  exterior  secondary  winding.  The  insulation 
details  are  given  in  Plate  IV.,  and  a  view  of  the  transformer  with  case 
removed  is  shown  in  Figure  137. 

Design  Data  <I55  Volts  it  Secondsry  TenniDals). 


Oidinary 

.   11,000  lines  pet  cm,' 
.    27  X  10*  lines 
9200  kgs. 
Primary,        Staindary. 


z  Bleche). 

28.700 


Net  cross-section  of  iron 
Flax  density  (B„)    . 
Maenetic  flux  (4')     . 
Weight  of  core  and  yokes    . 
Wadingt— 

Turns  in  series  per  phase 
Nambet  or  sections . 
Mean  length  pet  turn 
Siie  oi  conductot  (bate) 

Current  in  amperes  . 
Ampites  per  cm.'    , 

Copper  loss . 

Leisti  and  Eguieitiy  at  Full-Load— 

Iron  loss      ........     28,600  watts 

Loss  per  kg.  at  as-*'  ■  3- '     ,. 

Total  coppet  loss  at  60°  C.  .  .     50,000    „ 

Efficiency  at  unity  power  factor       .....  9S.3  pet  cent. 

Fractional  copper  loss  .,,....     0.64 

Fractional  iron  loss  ........     0.36 

tVtighli— 

Weight  of  coi^t  2900  kgs. 

WdghCofiton         .......        9200   ,, 

We^t of iron-rwe%ht of copper=Co         ....      n,ioo   „ 

We^tpeiKW.  cos^sl 


So.« 


,  Google 
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HeatiHg. — With  an  aii  blast  of  420  cubic  metres  per  minute  the  lempetature 
rise  (max.)  above  external  air  was  as  follows ; — 
Core  .........      6o' 

Low-tenaon  winding  .......       50° 

High-tension  winding  .......       50* 

Regulatim — 

R^ulation  for  cos  ^  =  t       ......    i. a  per  cent. 

Regulation  (or  cos  ^=         ......    4.4        „ 

The  total  weight  of  the  transformer  complete  was  14,600  kgs.  For 
5o~'  and  without  a  very  close  degree  of  regulation  being  required  the 
same  type  of  transformer  would  have  a  capacity  of  9000  K.V.A.,  which 
corresponds  to  a  weight  of  i.6a  kg.  per  K.V.A. 


tjii-K.V.A.,  18 — ,  130/2200  volti,  ypkase,  oil-immersed  transformer  of  the 
core  tyre :  constructed  by  the  Electric  Construction  Co.  Ltd. 
This  transformer,  illustrated  in  Plate  V.,  is  given  as  an  example  of 
one  designed  for  an  exceptionally  low  frequency. 

Speci 


Output  in  K.V.A. 

.        90 

Frequency  in  cycles  pet  second  . 

18 

Primary  vol  is 

.     iil 

Secundaty  volts 

Magnetic  Circuit— 

Quality  of  iron    . 

Ordinary 

Thickness  of  sheet 

O.S  mm. 

Net  cross-sectional  area  of  iron  in  core 

350  cms.' 

Net  cross-seciional  area  of  iron  in  yoke 

.         360    „ 

Flux  density  in  core  4B„) 

9100  lines  per  cm.' 

Flux  density  in  yoke 

8900 

Magnetic  flux  * . 

.  3.3  X  lo"  lines 

Windings— 

Primary. 

Su<«dafy. 

Windings  connected  in   . 

delta 

delta 

Volu  per  phase  . 

130 

x2ao 

Turns  in  series  per  phase 

SO 

864 

Mean  length  per  turn     . 

90  cms. 

114  cms. 

Siie  of  conductor  (bare) .            .     4(8.c 

mm.  X  8.0  mm 

Current  per  phase 

230  amptres 

14  ampires 

Current  density  in  amperes  per  cm.» 

90 

80 

0.0035  0''™ 

I.I  ohm 

Copper  loss  at  60°  C.      . 

S5S  watts 

64s  watts 

Space  factor 

■     0.43 

Losses  and  Efficiency  at  Full-Load— 

Iron  loss  (observed) 
Total  copper  loss  at  60°  C. 
Efficiency  at  unity  power  factor  . 
Fractional  copper  loss  [fc) 
Fractional  iron  loss  (/() . 


■    O.SS 

.yGooglc 
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HEATINr — 

Winding! 

Coppei  loss  per  phase 

EHeclive  ccxiling  surface  per  phase 

Watu  pe>  square  decimetre 

TotaJ  iron  toss  .... 
Edge  coolii^  surface 

Watts  per  square  decimeire  of  cooling  surface    . 
Oil— 

Total  loss  for  iron  and  copper    . 
Cooling  suiEace  of  tank  . 
Watts  pec  sfiuare  decimetre  of  cooling  surface 
Temperature  rise  above  air 
Hexing  coefficient  (K.). 
Weights — 

Weight  of  copper 

Weight  of  iron  .... 
Wdght  oriron.fweieht  of  copper  (Co)  . 
Weight  per  K.W.  for  cos  *  =  l  . 


76s  kgs. 


sates- 


haa-K.  V.A.,  50^,  6300/356  volts,  ^-phase,  oil-immersed  Irans/ormer  of 

the  core  tyfe :  eonstntcted  by  Johnson  and  Phillips  Ltd. 

The  drawings  are  given  in  Plate  V*.     The  laminations  are  stamped 

out  of  alloyed  sheet  0.5  mm.  thick,  and  are  assembled  to  form  three 

vertical  cores  connected  by  horizontal  yokes  with  interleaved  joints  at 

the  bottom  and  a  butt  joint  at  the  top.    The  core  is  of  rectangular 

cross-section,  and  is  divided  in  twelve  parts  by  eleven  ventilating  ducts. 

The  coils  are  wound  in  a  similar  manner  to  those  of  the  first 

example,  except  that  the  secondary  is  in  one  section  and  the  primary  in 

four  sections  per  core.     The  following  table  gives  the  insulation  details 

for  the  winding : — 

Primary.  Stcandary. 

Number  of  turns  per  section      .  .  51  30 

Number  of  layen  ...  4  1 

InsnUtion  round  conductor  .    D.C.C.  aiKl  braided  bare 

Thickness  of  insulatioD  round  conductor  0.8  mm.  0.75  m.n.,  varnished 

preis-spahn  between 

Insulation  between  adjacent  layers  3  mm.  press-spahn 

Eitenutl  insulation  for  sections  .   1.6  mm.  empire  clolh  1.6  mm.  empire  doth 

Distance  between  adjacent  sections  12  mm. 

Thickness  of  bard-wood  distance  piece  between  secondary  and  core    9.5  mms. 

Thickness  of  fibre  distance  piece  between  primary  and  secondary        9. 5  mms. 

The  lower  section  of  each  high-tension  winding  rests  on  four  porcelain 
■nsulatois  fixed  to  a  hard-wood  button  supported  by  the  clamping  plates. 
The  containing  tank,  constructed  with  corrugated  sheet  iron  sides 
secured  in  top  and  bottom  castings,  had  inside  dimensions  as  follows : 
no  ans.x  100  cms.  by  190  cms.  high,  the  depth  of  the  oil  being 
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i6o  cms.    The  shape  of  the  corrugations  was  such  as  to  give  an 
external  cooling  surface  =  3000  square  decimetres. 

SPBCIFICATION— 

Output  in  K.V.A.           .......  6ai 

Frequency  in  cycles  per  second  ......  5° 

Primary  volta  6300 

Secondary  volts  ■            ■            ■            ■  jj5 

Magnetic  Circuit— 

Net  cross-section  of  iron  in  core  »nd  yoke 
Flun  density  in  core  and  yoke  (Bk) 
Magnetic  flux  4' . 
Weight  of  core  and  yokes 


Windings — 

Windii^  connected  in  . 
Volts  per  phase 
Turns  in  series  per  phase 
Me&n  length  per  tarn  . 
Size  ofcondactor  (bare) 
Current  per  phase 
Current  density  in  amp^rei 


1,700  tines  per  cm.* 

.  8.ixia*liiMi 

1700  kg*, 

Stamdary. 
Delu 
356 


Resistance  per  phase  at  60°  C.    .         a  154  ohm 

o.oozS  ohm 

Copper  loss  at  60°  C.      .            .          2400  wilts 

2640 

watts 

Space  factor        ..... 

.     aaS 

S   AND   EfFICIRNCY  AT  FULL-LOAD— 

Iron  loss  (observed)        .... 

5010  waits 

Loss  per  kg.  at  50™-        .... 

2.9S    .. 

ToUl  copper  loss  at  60°  C. 

S040    „ 

Efliciency  at  unity  power  factor  . 

98.36  per  ce«L 

Fractions!  copper  loss  (A) 

O.S 

.       O.S 

Heating — 
Windings — 

Copper  loss  per  phase    .... 

Effective  cooling  surbce  per  phase 

Watts  per  square  decimetre  of  cooling  surface 
Cere— 

Total  iron  loss    . 

Edge  cootit^  surface 

Watts  per  square  dedmelre  of  cooling  surface    . 
Oil— 

Total  loss  for  iron  and  copper    . 

Effective  coaling  surface  of  tank 

Watts  per  square  decimetre 

Temperature  rise  above  air 

Heating  coefficient  (K.). 
Wbichts— 

Weight  of  copper 

Weight  of  iron   .... 

Weight  ot  iron -rweight  ol  copper=C(  . 

Weight  per  K.W.  for  cos  «=  I  . 


1680  watts 

300  decimetres* 

.        S.6 


3000  decimetre^ 
■  3-S 
.50*C 


.,  Google 


CHAPTER  VI 

ALTERNATORS— MECHANICAL  CONSTRUCTION  AND 
ARMATURE  WINDINGS 

Mechanical  Construction.— The  sUndaid  type  of  Alternator  is 
one  in  which  the  armature  is  stationary  and  the  field  magnets  revolve, 
the  latter  being  excited  with  a  direct  current.  This  method  of  con- 
struction has  several  distinct  advantages: — (i)  The  field  magnet  can 
be  given  greater  mechanical  strength  than  is  possible  with  an  armature 
the  coils  of  which  are  disposed  over  its  peripbeiy,  (a)  Since  the 
majority  of  alternators  are  designed  for  pressures  exceeding  3000  volts, 
and  the  E.M.F.  of  the  exciting  circuit  need  never  exceed  350  volts,  the 
most  satisfactory  arrangement  will  be  to  have  the  sliding  contacts  in 
the  low  voltage  circuit.  (3)  A  stationary  armature  will  relieve  the  high- 
tension  insulation  from  the  strains  caused  by  centrifugal  force. 

According  to  the  speed  of  the  revolving  part,  electric  generators 
may  be  divided  into  three  classes — 

(i)  Slow  Speed        .  80-200  revolutions  per  minute, 

(z)  Medium  Speed  .        .       300-800         „  „ 

(3)  H^^  Speed  .   1000-3000         „  „ 


Knee  the  frequency  of  the  induced  E.M.F.  =  -■",  where  R  =  revolu- 


'60' 

tions  per  minute,  and  /  =  pairs  of  poles,  the  number  of  pairs  of  poles 
to  give  a  frequency  ~  is 


The  frequencies  for  which  alternators  are  commercially  designed  range 
firom  100  to  25,  and  even  lower  values  have  been  considered 
for  railway  work.  Slow  and  medium  speed  machines  will  therefore 
have  a  laige  number  of  poles,  and  consequently  a  rotor  (rf  large 
diameter  and  comparatively  small  axial  length.  High-speed  generators 
are  those  direct- coupled  Eo  steam  turbines  and,  owing  to  the  peripheral 
speed  limit,  their  proportions  are  much  different  from  alternators  driven 
by  redprocating  engines. 

In  turbo-alternators,  the  air-gap  diameter  rarely  exceeds  a  metres, 
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even  in  10,000  K.W.  sizes.  The  axial  length  of  the  armature  has  to  be 
increased  accordingly,  and  a  length  of  t  metres  is  not  uncommon  in 
alternators  for  large  outputs. 

The  general  construction  of  slow  and  medium  speed  alternators  is 
illustrated  in  Figure  128.  The  armature  laminations  A  are  supported 
by  a  hollow  cast-iron  case  or  frame  B,  the  lower  part  of  which  is  cast 
with  feet  for  bolting  to  either  a  bed-plate  or  concrete  foundation.  The 
rotor  consists  of  a  cast-iron  or  cast-steel  flywheel,  to  the  lim  of  which 
are  bolted  the  poles  N,  S.  The  terminal  ends  of  the  field  winding  are 
connected  to  insulated  metal  slip-rings,  which  rotate  with  the  shaft. 


Fin.  iz8. — Slow  speed  altemalor. 


connection  being  made  with  the  direct  current  supply  through  brushes 
bearing  on  the  rings. 

Slow  and  Medium  Speed  Alternators 
Stators. — Armature  cores  are  built  up  of  soft  annealed  wrought 
iron  or  mild  steel  laminations,  about  0.5  mm.  in  thickness.  Except 
with  very  small  diameters  the  laminations  are  in  s^ments,  so  fitted 
that  the  joints  of  adjacent  layers  lie  on  different  radii.  Frames  for 
supporting  the  laminations  are  always  of  cast-iron,  and  to  provide 
sufficient  ventilation,  should  be  of  as  skeleton  a  construction  as  is 
consistent  with  mechanical  strength.  For  convenience  in  handling 
they  are  generally  divided  into  two  sections  across  a  horizontal  dia- 
meter, the    sections    being  bolted    together,  as  indicated  at  C  in 
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Figure  1 28.  When  the  stator  case  exceeds  5  metres  in  diameter,  the 
number  of  sections  may  be  increased  to  four.  The  design  of  stator 
frame  shown  in  Figure  129  is  suitable  for  medium-sized  alternators  up 
to  200  K.W. 

The  armature  laminations  L  are  held  between  two  end-flanges  F,  F, 
one  of  which  is  secured  by  a  number  of  short  keys  K,  driven  in  circum- 
ferentially  between  the  flange  and  the  circular  rib  R.  To  provide 
adequate  ventilation  the  core  is  formed  with  a  number  of  radial  air- 
ducts,  through  which  is  driven  a  current  of  air,  set  up  by  the  revolving 


Fig.  129. — Stator  frame  for  alleraalors  up  lo  200  K.V.A, 


Fio.  130. — Spacing  block. 


field  magnets.  After  passing  through  the  ducts  the  air  escapes  by  the 
apertures  A  formed  in  the  shell  of  the  frame^  the  paths  taken  by  the 
air  currents  being  indicated  by  the  arrows.  The  ducts  range  in  width 
^m  10  to  15  mms.,  and  are  formed  by  inserting  spacing  blocks  at 
intervals  of  from  4  to  7  centimetres.  A  type  of  spacing  block  in  very 
general  use  is  shown  in  Figure  130.  The  steel  plate  P,  about  i  mm. 
in  thickness,  has  cut  in  it  a  number  of  semi-circular  pieces  C  which  are 
bent  at  right  angles  to  the  plane  of  the  plate.  Radial  brass  or  steel 
strips  S  form  the  distance  pieces,  and  are  held  between  the  supports  C. 
In  large  alternators,  where  the  diameter  of  core  is  great  compared 
13 
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with  its  length,  the  design  of  frame  would  be  somewhat  as  in  Figure  131. 
The  frame  consists  of  an  outer  shell  cast  with  a  number  of  radial  ribs  R, 
which  are  webbed  together  by  an  inner  shell  of  about  the  same  thick- 
ness. The  laminations  are  bolted  between  the  two  end  clamps,  one  of 
which  is  cast  to  the  frame.  Interposed  between  the  clamps  and  the 
core  are  brass  end  grids  G,  cast  with  projections  to  fit  over  the  sides  of 
the  teeth  and  thus  prevent  the  latter  from  bulging  outwards.  The 
cast-iron  end  shields  E  protect  the  armature  coils  from  mechanical 
injury,  the  former  being  of  a  perforated  design  so  as  not  to  interfere 
with  the  ventilation  of  the  winding. 

The  stator  shown  in  Figure  132  is  of  an  enti>ely  different  constnic- 


.  132. — Stator  frame. 


tion,  and  is  typical  of  continental  machines.  The  frame  is  cast  in  two 
exactly  similar  halves,  so  as  to  divide  it  in  a  plane  perpendicular  to  the 
shaft.  In  building,  all  the  laminations  are  assembled  on  one  half;  the 
other  half  is  then  laid  on  and  the  two  sections  clamped  together.  End 
flanges  are  cast  to  each  section,  between  which  the  laminations  are 
secured. 

Slots. — Slots  for  retaining  the  armature  winding  are  of  three 
types: — (t)  Open;  (2)  semi-closed;  (3)  totally  closed  Each  of  these 
is  shown  in  Figure  133,  The  open  slot  is  the  one  in  most  general  use 
because  heavily  insulated  former-wound  coils  may  then  be  employed. 
The  latter  have  the  advantage  that  they  are  easy  to  wind,  can  be 
thoroughly  impregnated  with  insulating  varnish  prior  to  assembling, 
and,  should  any  coil  become  faulty,  it  can  be  readily  removed  for  repairs. 
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The  chief  objection  to  open  slots  is  that  they  cause  an  unequal  dis- 
tribution of  fluT  under  the  pole  face,  and  so  introduce  higher  harmonics 
in  the  E.M.F.  wave.  Open  slot  armatures  also'  necessitate  the  use  of 
laminated  pole  shoes  (see  p.  316). 

The  materials  generally  employed  for  slot  linings  are : — leatheroid, 
[»ress-spahn,  manila  paper,  and  micanite,  the  latter  being  almost 
exclusively  used  for  pressures  exceeding  zooo  volts.  When  employed, 
the  micanite  is  formed  into  long  rectangular  or  oval-shaped  tubes  with 
a  scarfed  opening  at  the  mouth  of  the  slot,  thus  enabling  the  straight 
side  of  the  coil  to  be  inserted  in  its  insulating  envelope  before  the 
coils  are  assembled.  The  conductors  are  held  in  place  by  wood  keys 
driven  into  grooves  near  the  top  of  the  teeth. 

When  totally  closed  slots  are  used  the  conductors  must  be  threaded 
throi^h  by  hand,  the  slots  being  previously  lined  with  seamless 
micanite  or  press-spahn  tubes,  which  project  well  out  beyond  the 


Fig.  133.— DcHgnof  sEols. 

flai^es  of  the  core.  Closed  slots  are  of  advantage  in  that  they 
eliminate  ripples  in  the  E.M.F.  wave  and  avoid  the  necessity  for 
laminated  pole  shoes.  Coils  placed  in  closed  slots  are,  however, 
more  expensive  to  wind,  and  the  winding  space  is  not  so  well 
utilised. 

The  self-induction  of  a  closed  slot  winding  is,  owing  to  the  low 
reluctance  of  the  path  of  local  flux,  much  greater  than  with  the 
corresponding  open  slot  winding.  This  latter  objection  may  to  some 
extent  be  overcome  by  adopting  semi-closed  slots.  Armatures  with 
this  type  of  slot  are  easier  to  wind  than  those  with  totally  closed  slots, 
as  the  conductors  can  be  passed  singly  through  the  mouth  of  tlie  slot. 
They  still,  however,  involve  more  labour  than  open  slots  with  former- 
wound  coils. 

Rotors. — The  rim  and  spider  forming  the  fly-wheel  of  an  alternator 
are,  for  diameters  up  to  about  3.5  metres,  generally  cast  in  one.  With 
flywheels  of  lai^er  diameter,  the  best  practice  is  to  cast  them  in  two 
or  more  sections.     This  diminishes  the  possibility  of  the  structure 


196  ALTERNATING  CURRENT  MACHINERY 

becoming  permanently  weakened,  due   to  enormous  internal   stresses 
caused  by  the  non-uniform  cooling  after  casting. 

The  construction  of  a  large  flywheel,  cast  in  halves,  is  shown  in 
Fig,  128.  The  rim  and  hub  parts  are  bolted  together  at  M  and  H 
respectively,  and  in  order  to  increase  the  strength  of  the  rim  joints, 
wrought-iron  rings  are  shrunk  over  pops  L.  As  a  further  security  Steps 
are  turned  at  each  face  of  the  hub,  and  the  steel  rings  shrunk  on  after 
the  shaft  has  been  litted.  Excessive  cooling  strains  can  also  be 
obviated  by  casting  the  rim  and  spider  separately,  and  bolting  together 
as  in  Fig.  134.  With  this  construction  the  invariable  practice  is  to 
make  the  spider  of  cast-iron  and  the  rim  of  cast-steel.    Another  con- 


Fig.  134. 

struction,  applicable  to  large  alternators  of  1500  K.W.  or  upwards,  is 
shown  in  Fig.  135.  The  yoke  part  of  the  rim  is  of  laminated  iron 
secured  to  the  cast-iron  supporting  rim  R  by  means  of  keys  K  and 
cast  iron  flanges  F.  As  is  usual  in  this  construction,  dovetails  are 
machined  on  the  periphery  of  the  rim  for  the  reception  of  the  pole 
pieces- 

The  number  of  spider  arms  varies  from  6  in  small  alternators  to 
10  or  13  in  those  of  very  large  diameter.  Where  the  pole  cores  are 
fixed  by  bolts  passing  through  the  rim,  the  spokes  are  sometimes  cast 
with  double  arms,  as  in  Plate  X.  This  facilitates  the  fixing  or 
removing  of  the  poles.  Rims  are  generally  of  rectangular  cross-section, 
and  should  be  of  sufficient  sectional  area  to  carry  half  the  flux  of  each 
pole.  When  alternators  are  direct-coupled  to  reciprocating  engines  a 
frequent  practice  is  to  make  the  moment  of  inertia  of  the  rotor  such 
that  a  flywheel  between  the  engine  and  the  alternator  may  be  dispensed 
with.  The  mass  of  the  flywheel  rim  must  then  be  great  enough  to 
store  the  requisite  kinetic  energy.     If  the  flywheel  be  separate,  the 
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whole  of  the  energy  stored  in  it,  and  available  for  keeping  a  unifoim 
peripheral  speed  with  sudden  changes  in  load,  has  to  be  transmitted 
through  the  shaft  and  spider,  producing  lai^e  torsional  strains,  which 
are  avoided  when  the  rotor  and  flywheel  are  combined.  This  practice, 
however,  is  only  to  be  recommended  when  the  most  favourable 
diameter  of  rotor  and  flywheel  naturally  approximate  to  each  other, 
and  this  is  usually  the  case  only  with  machines  of  outputs  over 
1000  K.W,  In  other  cases,  if  the  flywheel  be  given  the  dimensions 
which  would  best  suit  the  alternator,  an  unduly  large  weight  of  rim 
may  be  necessitated  and  a  larger  shaft  to  carry  it ;  on  the  other  hand, 
if  the  diameter  of  rotor  be  increased  to  suit  the  flywheel  requirements 


KiG.  135- 

the  armature  frame  must  be  of  greater  depth  and  size  to  give  it  the 
necessary  rigidity. 

Poles  aad  Pole  Shoes. — Owing  to  the  requirements  of  speed 
and  frequency  the  poles  are  generally  of  greater  dimensions  in  the 
direction  parallel  to  the  shaft  than  in  a  direction  tangential  to  the  rim. 
For  frequencies  between  35  and  60  cycles  per  second  the  pole  pitch  at 
the  periphery  ranges  from  20  to  30  centimetres,  about  65  per  cenL  of 
which  is  occupied  by  the  pole  shoe  arc.  The  breadth  of  core  at  right 
angles  to  shaft  is  always  less  than  the  polar  arc,  and  ranges  between  ro 
and  30  centimetres.  For  this  reason  pole  cores  are,  with  very  few 
receptions,  of  rectangular  cross-section,  and  constructed  of  either  cast 
or  laminated  steel. 

Figs.  134  to  136  illustrate  three  types  of  construction  all  of  which 
are  in  extensive  use.  The  pole  of  Fig.  134  is  of  cast-steel  and  secured 
to  the  rim  of  the  magnet  wheel  by  bolts.  The  pole  shoes  may  either 
be  solid  or  laminated,  depending  upon  whether  the  slots  of  the  stator 
are  semi-closed  or  open.     When  solid,  the  pole  and  shoe  can  be  cast, in 
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one.  With  laminated  shoes  the  stampings,  about  i  mm.  thick,  are 
usually  dovetailed  on  to  the  pole-piece  and  riveted  tc^ether  between  end- 
plates.     Instead  of  employing  solid  pole  cores  and  laminated  shoes,  the 
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poles  are  in  a  large  number  of  designs  laminated  throughout  as  in  Fig, 
136,  The  laminations  are  T-shaped,  so  that,  besides  increasing  the 
pole  face  area,  the  projecting  parts  serve  to  retain  the  field  coils  in 
position  against  the  action  of  centrifugal  force.  Each  pole  is  secured 
,  to   the  rim  by  two  bolts,  which  are 

screwed  into  a  solid  iron  bar  passing 
right  through  the  laminated  pole  core. 
A  second  design  with  laminated  poles 
is  shown  in  Fig.  jjf.  The  poles  fit 
into  dovetails  on  the  rim,  and  are 
secured  by  the  keys  Kj,  lateral  move- 
ment being  prevented  by  the  end 
rings  H,  H. 

Fonn  of  Pole  Shoes.— The 
distribution  of  the  magnetic  flux  on 
different  parts  of  the  pole  face  is 
largely  determined  by  the  length  of 
the  air-gap  at  any  point,  to  which 
the  magnetic  flux  is  almost  inversely 
proportional.  If  with  open  slots  the 
strength  of  the  field  be  not  graded 
near  the  pole  edges,  pronounced  har- 
monics are  introduced  into  the  wave-form.  There  are  several  methods 
of  shaping  the  pole  face  in  order  to  get  the  desired  sine  wave.  Fig.  137 
gives  the  outline  of  a  laminated  pole,  one  pole  pitch  corresponding 
to  180  electrical  degrees.  To  obtain  a  theoretically  perfect  sine  wave 
the  air-gap  is  laid  out  thus : — Let  d  denote  the  length  of  air-gap  under 


Fig,  137. 
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the  centre  of  the  pole  face,  then  the  length  d  of  air^ap  at  any  other 
point  at  an  angular  distance  from  the  centre  line  equal  to  x  elec- 
trical degrees  is  expressed  by — 


Fig.  138  shows  two  approximate  methods,  each  of  which  gives  a  flux 
distribution  agreeing  very  closely  with  the  theoretical  curve. 

Field  Coils. — With  revolving  field  alternators  the  field  coils  are 
generally  of  rectangular  copper  strip  wound 
on  edge  with  paper  insulation  between  the 
turns  and  the  external  surface  of  the  wind- 
ii%  protected  merely  by  a  coating  of  insulat- 
ing varnish.  If  ordinary  wire  be  employed, 
the  turns,  owing  to  the  high  centrifugal 
force,  would  tend  to  roll  over  each  other 
and  thereby  damage  the  insulation  by 
chafing.  With  strip  wound  on  edge  the 
effect  of  centrifugal  force  is  simply  to 
compress  the  turns  towards  the  periphery 
without  chafing  the  insulation.  Besides 
being  mechanically  strong,  this  type  of 
winding  has  the  further  advantage  that  the 
beat  generated  in  the  coil  is  quickly  dissi- 
pated, thereby  tending  to  maintain  the  coil 
at  a  more  uniform  temperature. 

The  copper  strip  is  wound  on  a  spool  of      ,.—  --         — 

metal  or  compressed  paper,  fitting  tightly   "*  |r'y!^-'^>-*T'^ 

on  the  pole  core.     When  of  metal,  the  [.J [J I    i 

spool  requires  to  be  insulated  with  press-  ! 

spahn,    manila    paper,    or   empire    cloth,  | 

bound  on  with  tape  and  impregnated  with  yig.  138. 

varnish. 

The  coils  are  held  in  place  by  the  overhanging  edges  of  the  pole 
shoes  (see  Tlgure  136)  or  by  special  gun-metal  bridges  (Figure  134) 
which  are  secured  to  pole.  The  bridge  pieces  also  serve  as  damping 
coils  for  maintaining  steady  running  when  alternators  are  operated  in 
parallel. 

Slip-rings  and  Brushes. — The  slip-rings,  of  cast-iron  or  gun- 
metal,  are  generally  supported  from  a  cast-iron  spider  keyed  or  shrunk 
on  to  the  shaft.  A  good  design  for  slip-rings  is  shown  in  Figure  139. 
The  rings,  cast  with  lugs  L,  are  bolted  to  the  spider  B  and  insulated 
therefrom  by  the  vulcanite  bushes  and  washers  V.  The  sectional  area 
of  the  rings  should  be  designed  to  give  the  required  mechanical  strength, 
which,  as  a  rule,  is  more  than    ample   for  current-carrying  purposes. 
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ConnecUon  to  the  field  winding  is  made  by  copper  strip  or  cable 
clamped  by  insulating  blocks  to  one  of  the  flywheel  arms  and  attached 
to  the  rings  as  shown  at  D. 

Copper  brushes  were  at  one  time  largely  used,  but  this  led  to  a 
rapid  deterioration  of  both  brushes  and  slip-rings,  with  the  result  thai 
in  nearly  every  case  they  have  been  abandoned  for  carbon  ones.  This 
is  also  an  advantage  from  the  manufacturer's  point  of  view,  in  that 
carbon  brushes  may  then  be  standardised  and  made  suitable  for  both 
direct-  and  alternating-current  machines.  In  medium-sized  alternators 
the  spindles  S,  which  support  the  brushes,  are  fixed  to  arms  projecting 
from  a  cast  iron-quadrant  Q,  the  latter  being  bolted  to  a  step  cast  with 
the  bearing  cap.     In  very  large 


^3  alternators  the  brushes  are  sup- 

ported     from     an     overhanging 
bracket  arm,  as  in  Plate  X. 

Exciters.  —  The  power  re- 
quired for  exciting  the  field 
magnets  is  small,  ranging  from 
I  to  3  per  cent,  of  the  rated  out- 
put of  the  alternator.  In  many 
cases  a  small  direct-current  shunt- 
wound  generator,  known  as  an 
exciter,  provides  the  exciting  cur- 
rent, the  exciter  armature  being 
either  direct  coupled  to  the  alter- 
nator shaft  or  driven  from  it 
through  gearing.  With  this 
Fu:,  139.— Slip-rings.  arrangement  each  generating  set 

is  self-contained,  and  the  exciting 
current  can  readily  be  altered  by  means  of  a  rheostat  connected  in 
series  with  the  exciter's  field  winding.  An  inherent  disadvantage  with 
this  method  of  excitation  is  that  any  change  in  the  speed  of  the  prime 
mover  afl'ects  the  exciter's  voltage,  and  therefore  the  current  through  the 
field  coils  of  the  alternator.  From  this  point  of  view  it  is  better  to 
have  the  exciter  driven  by  a  separate  prime  mover.  This  arrange- 
ment is  usually  adopted  in  large  generating  stations,  where  one 
dynamo  will  excite  several  allernators,  each  alternator  having  its  own 
field  regulating  resistance. 
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Turbo-Alternators 

Stators. — In  high-speed  alternators,  constructed  by  dilTerent 
firms,  there  is  comparatively  little  difference  in  the  design  of  the 
stationary  or  high  tension  element.  This  follows  slow-speed  practice 
fairiy  closely,  though  the  external  appearance  is  widely  different,  owing 
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to  the  fewer  poles,  smaller  diameter,  and  greater  length  of  high-speed 
machines. 

It  has  been  found  necessary  to  introduce  a  special  system  of 
brackets  for  clamping  the  end-connections  to  the  stator  frame.  This 
is  because  of  the  enormous  mechanical  forces  developed  between  the 
coils  of  the  various  phases  when  the  alter- 
nator is  suddenly  short  circuited  or  paralleled 
with  other  machines  before  it  is  properly 
synchronised.  These  sudden  stresses  will 
also  occur  in  slow  and  medium  speed 
alternators,  but  owing  to  the  short  span  of 
the  coils  across  the  pole  pitch  the  end- 
connections  will  generally  have  sufficient 
mechanical  strength  to  prevent  any  appreci- 
able displacement  or  distortion.  Again, 
with  turbo-generators  the  magnetic  leakage 

across  the  slots  and  the  end-connections  bears  a  much  smaller  ratio  to 
the  total  flux  per  pole  than  it  docs  in  the  case  of  engine-type  alternators. 
The   current  on  short  circuit  will   therefore   be    considerably  greater 
in  the  turbo-alternator,  and  stresses  as  high  as    1500  kgs.  per  metre 
length  of  end-connections  have  frequently  been  met  with  in  practice. 
The  old  plan   of  tying  coils  to- 
gether with   torpedo    twine   and 
securing  them  with  wooden  blocks 
is   wholly    inadequate,    and    very 
strong  metal  clamps  must  be  used. 
This   necessitates   protecting  the 
winding  outside  the  slots  with  an 
insulation  which  is  not  only  strong 
enough   to    withstand    the  whole 
testing  pressure,  but  is  of  such  a 
good   mechanical   nature  that   it 
will  not    be  crushed   under   the 
pressure  of  the  clamps. 

Designs  of  clamping  arrange- 
no.  141.— End  damp  for  lurbo-alLer-      ments  are  shown  in  Figures  140 
naior  windings.  and  141.     The  former  is  suitable 

for  barrel  winding  in  which  all  the 
coils  are  of  the  same  shape  and  fit  against  one  another  forming  a  con- 
tinuous lattice-work  (Figure  152).  The  end-connections  are  supported 
by  an  internal  gun-meta!  ring  R,  which  is  well  insulated  and  bolted  to  a 
series  of  brackets  H  supported  from  the  end  Ranges  of  the  core.  For 
concentric  coil  winding  laid  up  in  two  or  more  ranges  an  arrangement 
similar  to  that  shown  in  Figure  141  must  be  adopted,  where  the 
supports  are  formed  by  screwing  brass  or  bronze  bolts  into  the  end- 

1^  .tH>^le 
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flanges  of  the  core.  The  windings  are  clamped  between  the  latter  and 
metal  plates  P,  and  the  various  ranges  separated  by  mica  strips  M  and 
hard  wood  blocks  W.  The  leakage  lines  surrounding  the  end-con- 
nections also  become  linked  with  the  clamping  bolts  and  supporting 
ring  and  induce  eddy  currents  therein.  It  is  therefore  advisable  to 
construct  the  clamps  entirely  of  non-magnetic  material,  as  otherwise 


Fic,  142.— Winding  of  WcBlinghouse6ocio-K.V.A.  tuibo-alleniator. 

they  are  liable  to  become  hot  owing  to  the  greater  eddy  current  loss 
resulting  from  the  increased  leakage.  Figure  143  shows  the  windings 
and  clamping  arrangements  on  a  6ooo-K.V.A.  ii,ooo-volt  3-phase 
generator  built  by  the  British  Westingliouse  Company. 

Rotors. — The  design  of  high  -  speed  rotors  is  essentially  a 
mechanical  problem.  For  the  usual  frequencies,  between  25  and  60 
cycles  per  second,  the  number  of  poles  is  usually  four,  but  seldom 
exceeds  six.     The  volume  of  iron  and  copper  per  pole  must  therefore 
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be  relatively  large,  and  at  the  high  peripheral  speed  prevailing 
enormous  stresses  will  be  set  up,  due  to  centrifugal  force.  For 
example,  in  the  case  of  a  looo-K.W.  rotor  having  a  diameter  of  So 
cms.  and  revolving  at  1500  revolutions  per  minute,  each  kilogramme 
of  matter  at  the  periphery  tends  to  fly  outwards  with  a  force=ii.3 
X  lo""  —  .  R*=  ii.i  X  10"*.  40. 1500^  =  1000  kilogrammes  where  ~  = 

radius  of  rotor  in  cms.  and  R  =  revolutions  per  minute.  Another 
difficulty  associated  with  turbo-machinery  is  the  violent  vibrations 
which  may  be  set  up  by  the  slightest  out-of- balance  of  the  rotor. 

The  materials  used  should  therefore  be  as  homogeneous  as 
possible,  and  their  distribution  absolutely  symmetrical.  Rotors  are 
generally  constructed  of  forged  or  cast  steel  of  the  best  quality. 
When  of  the  latter  the  steel  should  be  cast  under  pressure,  because 
otherwise  there  is  a  danger  from  blow-holes,  which  not  only  affect  the 
strength  of  the  structure  but  throw  the  rotor  considerably  out  of  balance. 
In  some  cases  the  balancing  difficulties  may  not  occur  for  some 
considerable  time  after  the  machine  has  been  erected.  When  in 
continual  use  the  insulation  dries  and  becomes  compressed  under  the 
action  of  centrifugal  force  of  the  conductors.  This  often  results  in 
a  displacement  of  the  field  windings  and  the  consequent  upsetting 
of  the  rotor  balance.  Considerable  attention  must  therefore  be  given 
to  the  design  of  the  windings  and  insulation,  so  that  the  field  coils 
remain  rigid  under  all  conditions  of  service. 

Excessive  vibrations  are  also  produced  when  the  normal  running 
speed  coincides  with,  or  approaches  to,  the  "critical  speed."  This 
latter  is  reached  when  the  natural  period  of  the  transverse  vibration 
of  the  shaft,  loaded  with  the  rotating  element,  corresponds  to  the 
impulses  given  to  the  shaft  by  the  centrifugal  forces  resulting  from 
any  want  of  balance  or  from  curvature  of  the  shaft.  At  critical  speed 
steady  operation  of  the  revolving  mass  is  impossible,  though  at  speeds 
somewhat  above  or  below  this  the  vibrations  are  almost  eliminated. 
When  possible,  the  normal  running  speed  should  be  below  critical 
speed,  but  if  otherwise  the  normal  speed  should  be  reasonably  higher, 
so  that  the  critical  speed,  except  when  starting  up  or  shutting  down, 
is  never  reached  io  ordinary  operation. 

High-speed  rotors  are  constructed  for  peripheral  speeds  of  between 
65  and  100  metres  per  second,  and  are  of  two  distinct  types — 

(i)  Those  having  definite  poles,  with  bobbins  and  coil  windings. 

(i)  Those  having  a  cylindrical  core,  with  the  field  windings 
distributed  in  slots. 

■Hiese  are  known  as  the  "definite"  or  "salient"  pole  and 
"cylindrical"  types  respectively. 

Definite  Pole  Type. — The  construction  of  definite  or  salient 
pole  rotors  is  illustrated  in  Figures  143  and  r44.     In  the  case  of  the 
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former  the  rotor  body  is  foiled  with  four  projecting  poles,  and  is 
bored  out  at  each  end  to  receive  the  shafts  S,  S.  These  are  of  special 
high  tensile  steel,  and  enler^the  rotor  to  about  one-quarter  of  its  length. 
The  solid  pole  shoes  P  are  made  to  slide  over  T-shaped  projections 
on  the  rotor  body,  and  are  cast  with  a  large  number  of  ribs  R,  which 
become  highly  saturated  and  diminish  the  field  distortion  on 
load.  Each  magnet  coil  M  is  wound  in  four  sections  with  copper 
strip,  and  supported  on  a  metal  spool  with  heavily  insulated  flanges. 


Fig.  143A. — Definite  pole  rotor  for  turbo-allenuitor. 

To  guard  gainst  centrifugal  force,  which  would  lend  to  spread 
the  windings,  eight  V-shaped  phosphor-bronze  clamps  C  are  inserted 
between  adjacent  coils  and  pressed  against  them  by  bolts  screwed 
into  the  main  forging.  Special  care  must  be  observed  in  the  fixing 
of  these  clamps,  for  should  any  of  the  holes  be  a  little  bit  out,  then 
on  tightening  up  a  very  serious  bending  stress  may  be  put  on  some 
of  the  bolts.  In  the  design  under  consideration  this  straining  of 
the  bolts  is  avoided  by  making  the  underneath  part  of  the  bolt  head 
or  nut  spherical,  so  as  to  give  a 
ball-and-socket  action. 

The  end  caps  D,  also  of  phos- 
phor bronze,  are  bolted  both  to  the 
rotor  body  and  the  pole  shoes,  and 
prevent  any  longitudinal  movement 
of  the  latter.  They  also  act  as  a 
protection  to  the  winding. 

In    the   second    construction 
Tig.  143B.  (Figure  144)  the  rotor  body  is  built 

up  of  a  central  solid  steel  casting, 
which  is  machined  and  bored  out  to  a  diameter  larger  than  the  shaft, 
and  two  cross-shaped  pieces  D  fitted  at  each  end  to  carry  the  rotor 
on  the  shaft.  The  pole  shoes  E  are  laminated  and  dovetailed  into  the 
poles  of  the  steel  casting.  The  phosphor-bronze  end  pieces  F,  dove- 
tailed to  D,  retain  the  pole  shoes  in  position  by  bolts  passing  lengthwise 
through  the  laminations.  They  also  help  to  keep  the  spools  in  position 
against  the  action  of  centrifugal  force.  The  field  coils  are  wound  on 
copper  bobbins  provided  with  insulated  flanges,  and  held  down  against 
the  horizontal  component  of  the  centrifugal  force  by  gun-metal  wedges  H. 
As  will  be  seen  from  the  cross-section,  the  latter  are  not  bolted  to  the 
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centre  casting,  but  rock  on  the  pivot  K  and  so  accommodate  tliem- 
selves  to  variations  in  the  field  coil  instead  or  imposing  a  bending 
strain  at  the  neck  of  the  support. 


Fig.  t44A. — Definite  pole  totor  for  luibo-allcmalor. 


Fia.  144B. 

Cylindrical  Type. — Figure  145  illustrates  the  cylindrical  type 
of  construction.  The  rotor  body  consists  of  sheet  steel  laminations 
which  are  mounted  direct  on  a  cast-steel  shaft  and  clamped  between 
steel  end  flanges  E.  The  laminations  are  separated  at  intervals  of 
from  6  to  10  cms.,  so  as  to  form  radial  air  ducts  for  the  ventilation 
of  the  core.  The  field  winding  is  embedded  in  a  number  of  slots 
milled  out  along  the  core  on  either  side  of  the  poles,  the  position  of 
the  latter  being  indicated  by  the  letters  N  and  S.  The  winding  for 
each  pole  consists,  in  this  case,  of  three  former-wound  coils  of  copper 
strip  laid  on  the  flat,  the  slot  portions  of  the  coil  being  enveloped 
with  micanite  or  press-spahn  tubes.  The  coils  are  retained  in  their 
slots  by  wedges  G  of  phosphor  bronze,  and  the  external  surfaces  are 
finished  to  give  a  perfectly  smooth  exterior. 

The  end  connections  of  the  winding  are  held  down  against  the 
action  of  centrifv^al  force  by  phosphor-bronze  covers  H  bolted  to  the 
flanges  F.  Before  fitting  the  end  covers  the  ends  of  the  rotor 
windings  are  enveloped  by  press-spahn  sheets  held  together  with 
compound  and  subjected  to  pressure  by  binding  wire,  thus  making  the 
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insulating  cover  as  solid  as  possible.  The  piess-spahn  is  afterwards 
turned  in  a  lathe  to  exactly  fit  the  end  shield.  The  ventilation  of 
the  rotor  is  assisted  by  a  fan  J  fixed  to  the  shaft,  the  path  of  the 
air  currents  being  indicated  by  the  arrows. 

At  one  time  the  definite-pole  design  was  exclusively  used  in  this 
country,  but  manufacturers  are  now  adopting  the  cylindrical  construc- 
tion first  introduced  by  Brown,  Boveri  &  Co.  of  Baden.  The 
cylindrical  type  is  superior  for  the  following  reasons : — 

(r)  A  winding  distributed  in  slots  offers  more  cooling  surface  than 
the  coils  on  salient  poles. 

(2)  A  smooth  cylindrical  surface  will  give  better  security  as  to 


Fig.  145A. — Cylindrical  rotor  for  turbo -alterafttor. 


Fig.  145B. 

noiseless  running  than  where  sudden  variations  in  the  sections  of  the 
air  currents  are  caused  by  projections  or  irregularities. 

(3)  A  permanent  balance  is  more  certain  to  be  secured  with  a 
solid  cylindrical  structure  than  when  there  are  projecting  poles  and 
external  field  bobbins. 

In  very  large  machines  the  second  consideration  is  of  great  import- 
ance, for  any  approach  to  a  noiseless  operation  is  extremely  difficult  with 
salient  pole  designs. 

Armature  Windings 
The  armatures  of  alternating  current  generators  are,  with  very  few 
exceptions,  drum  wound.     Since  all  connections  from  conductor  to 
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conductor  must  be  made  across  the  fianges  of  the  core,  it  follows 
that  the  conductors  forming  the  respective  sides  of  a  turn  must 
be  situated  in  fields  of  opposite  polarity,  so  that  the  E.M.F,  shall  act 
in  the  same  direction  through  the  winding. 

The  most  convenient  mode  of  studying  drum  windings  is  to  represent 
the  armatures  and  poles  as  laid  out  flat,  and  this  procedure  will  be 
adopted  in  the  following  diagrams. 

Single-Phase. — The  winding  of  a  6-pole  single-phase  alternator 
having  one  conductor  and  slot  per  pole  is  developed  in  Figure  146; 
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Fia.  146. 

the  conductors  being  numbered  i  to  6.  If  the  field  magnets  rotate 
from  right  to  left,  then  the  direction  of  the  E.M.F.  induced  in  each 
conductor  as  it  is  cut  by  the  respective  fields  will  be  as  indicated  by 
the  arrow  heads.    The  six  conductors  are  connected  tt^ether,  so  that 
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Fig.  147. — Whole-coiled  single-phnse  winOini 


when  the  winding  is  traversed  from  terminal  T,  to  terminal  Tj  the 
E.M.F.'s  act  in  the  same  direction  round  the  circuit,  the  P.D,  between 
the  tenninals  being  six  times  the  voltage  induced  in  each  conductor. 

Next,  suppose  the  same  armature  with  one  slot  per  pole  to  have 
four  conductors  located  in    each  slot.     The  conductors   can  now  be 
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connected  up  by  two  different  methods  shown  in  Figures  \i,^  and  148 
respectively.  In  the  former  the  circuit  through  the  armature  from 
terminal  to  terminal  will  be  along  the  conductors  in  the  following 
order: — r,  4,  2,  3,  8,  5,  7,  6,  9,  12,  10,  11,  16,  13,  15,  14,  17,  so,  18, 
19,  24,  21,  23,  and  22 ;  whereas  in  Figure  148  the  order  of  the  con- 
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Fig.  148. — Half-coiled  ^gle-phase  winding. 

ductors  is  : — t,  8,  2,  7,  3,  6,  4,  5,  9,  16,  10 19,  22,  20,  21. 

So  far  as  the  magnitude  and  wave-form  of  the  E.M.F.  is  concerned 
these  two  windings  are  identical,  the  difference  between  them  being  in 
the  method  of  malting  the  end-connections. 

This  difference  is  clearly  brought  out  in  the  respective  figures,  where 
there  is  also  shown  the  back  ends  of  the  armatures  as  they  would 
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Fir..  149.— Half-coil  single-phase  winding. 

actually  appear  with  their  windings  in  place.  In  Figure  147  the  end- 
connections  are  spread  over  the  entire  circumference,  whereas,  with  the 
second  winding  only  half  the  circumference  is  so  utilised,  alternate 
parts  being  devoid  of  end-connections. 

It  should  also  be  noted  in  connection  with  these  two  styles  of 
windings  that  the  first  consists  of  six  similar  coils  connected  in  series, — 
i.e.  there  is  one  coil  per  pole;  and  the  second  of  three  coils  in  series, — 
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i.e.  one  coil  per  pair  of  poles.  These  windings  are  designated  ordinary 
or  whole-coiled  and  hemitropic  or  half-coiled  respectively. 

With  the  fonner  the  whole  of  the  poles  are  subtended  by  coils, 
whereas  with  hemitropic  windings  the  coils  subtend  alternate  poles 
only.  In  the  whole-coiled  winding  the  current  circulates  in  a  clockwise 
direction  in  one-half  the  coils,  and  counter-clock  in  the  other ;  but  with 
a  half-coiled  winding  the  cunent  traverses  the  entire  winding  in  the  one 
direction.  This  diSerence  is  due  to  the  situation  of  the  coils  relative 
to  the  poles.  In  Figure  147  any  two  adjacent  coils  are  situated  under 
poles  of  opposite  polarity,  whereas  in  Figure  148  they  are  under  poles 
of  the  same  polarity. 

A  hemitropic  winding,  by  reason  of  its  greater  mean  length  per 
turn,  requires  more  copper  than  the  corresponding  whole-coiled 
winding ;  but,  on  the  other  hand,  it  gives  a  less  complicated  arrange- 
ment of  end-connections,  and  approximately  one-half  the  self-induction. 
With  ordinary  single-phase  windings  the  additional  end-connections  are 
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FiC.  150. — Ha]f-coiled  single-phftse  winding. 


not  of  very  great  moment,  so  that  either  style  of  winding  may  be 
adopted. 

With  polyphase  altematois,  however,  the  end-connections  of  an 
ordinary  winding  would  be  somewhat  complicated,  and  in  order  to  have 
as  simple  an  arrangement  as  possible  hemitropic  windings  are  the  more 
frequent.  For  high-voltage  alternators  the  windings  would  be  made  up 
of  coils  consisting  of  from,  say,  4  to  30  turns,  and  wound  either  by  hand 
or  on  formers. 

Coil  windings  are  usually  represented,  not  by  a  number  of  con- 
ductors concentrated  together,  but  by  a  single  heavy  line,  the  connec- 
tions between  the  various  coils  being  indicated  by  fine  lines. 

The  single-phase  windings  so  far  examined  have  had  their 
conductors  concentrated  in  one  slot  per  pole,  but  the  more  usual 
arrangement  is  to  distribute  the  sides  of  a  coil  over  two  or  more  slots. 
Such  windings  are  said  to  be  of  the  multiple-cdil  type,  to  distinguish 
them  from  single-coil  or  concentrated  windings.  The  development  of  a 
6-pole  double^oil  hemitropic  winding  is  shown  in  figures  149  and  150. 
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In  the  runner  the  coils  are  of  rectangular  shape  and  individual  elements 
of  unequal  pitch,  whereas  in  Figure  1 50  the  elements  of  a  coil  are  all 
of  equal  pitch  but  with  evoluie  end-connections.  The  winding  of 
Figure  151  is  that  of  a  4-coil  ordinary  winding  with  two  coils  of 
unequal  pitch  per  pole. 

In  low-voltage  alternators  for  lai^e  output  the  number  of  conductors 
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Fig.  151. 

per  pole  is  generally  limited  to  1  or  2,  the  end-connections  being  made 
so  as  to  form  either  a  wave  or  a  lap  winding.  Figure  152  gives  the 
development  of  an  8-pole  hemitropic  winding  with  24  conductors. 
There  are  three  slots  per  pole  with  one  conductor  in  each,  and  the  ends 
of  the  winding  terminate  at  T^  and  Tj.     In  tracing   out  the  circuit 
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Fig.  151. 

from  T|,  a  tour  of  the  armature  is  made  by  conductors  i,  4,  7,  10,  13, 
16,  19,  and  22  ;  starting  off  again  from  22,  a  second  and  third  tour  will 
be  made  by  2,  5,  8,  11,  14,  17,  20,  and  23  ;  and  3,  6,  9,  12,  15,  18, 
21,  and  24. 

The  development  of  the  same  armature  when  the  conductors  are 
connected  up  to  form  a  lap  winding  is  shown  in  Figure  153. 

With  both  lap  and  wave  windings>the  turns  are  of  equal  pitch.    The 
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E.M.F.  generated  in  the  two  windings  would  be  equal  in  value  and  of 
the  same  wave  form,  the  choice  between  the  two  methods  of  connec- 
tion being  purely  a  question  of  mechanical  convenience  and  cost 
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Two-Phase- — A  a-phase  armature  corresponds  to  a  double 
single-phase  armature,  and,  as  previously  stated,  any  single-phase 
generator  may  be  converted  into  a  2-phasei  by  superposing  on  the 
original  set  of  coils  a  second  set  exacdy  similar,  but  displaced  through 
an  angle  correspondbg  to  half  the  pole  pitch  Hence,  to  convert  the 
stator  represented  in  Figure  146  into  a  2-phaser  it  would  be  necessary 
to  mill  out  six  additional  slots  intemiediate  between  the  original  six  and 
wind  in  them  the  coils  of  the  second  phase. 

The  2-phase  equivalent  is  shown  in  Figure  rS4,  and  to  dis- 
tinguish the  second  phase  from  the  first,  the  former  is  shown  in  red. 

With  3-phase  alternators,  either  whole-coil  or  half-coil  windings 
may  be  employed  The  former  are,  however,  limited  to  armatures 
where  the  number  of  slots  per  pole  per  phase  is  an  even  integer. 

If  an  armature  for  a  a-phase  winding  have 
6  slots  per  pole — Le.  3  slots  per  pole  per 
phase,  then  the  winding  must  be  hemitropic 
Of  course,  when  the  sides  of  the  coils  of 
each  phase  are  distributed  over  4  slots  per 
pole,  either  style  of  winding  may  be  adopted. 

Figures  155  and   156  respectively  show  y\q.  157. 

the  development  of  ordinary  and  hemitropic 

irindings  for   a  6-pole  stator   having    spiral-wound  coils   distributed 
over  two  slots  per  pole. 

Owing  to  their  overlapping,  the  end-connections  of  each  winding  of 
a  2-phase  generator  must  be  bent  into  two  different  planes, — i.t,  laid  up 
in  two  ranges,  as  shown  in  Figure  157.  With  the  set  of  coils  marked 
E  the  end-connections  are  -brought  out  strdght,  so  as  to  lie  on  a 
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cylindrical  surface;  whereas,  in  the  second  set  F,  the  coil-ends  after 
clearing  the  slots  are  bent  up  at  right  angles. 

The  end  bends  must,  of  course,  be  designed  so  that  the  mean 
length  per  turn  is  as  nearly  as  possible  the  same  for  both  phases,  other- 
wise the  two  circuits  would  be  of  unequal  resistance. 

Short-coil  Windings. — To  obviate  the  overlapping  of  the  coils  in 
polyphase  windings  it  has  been  proposed  to  use  coils  having  a  breadth 
eqtial  to  half  the  pole-pitch.  A  winding  composed  of  such  coils  is 
termed  a  short-coil  winding,  and  the  diagram  of  one  for  a  4-pole  stator 
is  shown  in  Figure  T58. 

In  these  windings  there  are  two  coils — one  for  each  phase — within 
the  pole-pitch,  and  the  coils,  all  of  the  same  size  and  shape,  are 
assembled  on  the  armature  side  by  side,  thus  eliminating  any  crossing 
of  the  end-connections.  Comparing  with  the  z-phase  winding  of 
Figure  154,  it  will  be  noted  that  the  coils  are  much  narrower,  hence 
the  term  short  coils. 

With  this  winding  the  mean  length  of  turn  per  coil  is  reduced,  and 
consequently  the  total  length  of  wire  per  phase.  On  the  other  hand, 
the  pole-face  arc  must  not  exceed  the  width  of  a  coil,  and,  in 
consequence  of  this,  the  ^armature  periphery  is  not  so  well  utilised. 
For  this  reason,  together  with  the  fact  that  narrow  coils  give  a  wave 
form  of  B.M.F.  which  is  highly  peaked,  short-coil  windings  ate  very 
rarely  employed. 

Three-phase. — If  three  such  windings  as  are  shown  in  Figure 
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146  be  superposed  and  spaced  out  symmetrically  over  the  armature 
periphery,  then  the  3-phase  winding  of  Figure  159  will  be  obtair>ed. 
The  stator  must  now  have  24  slots,  each  side  of  a  coil  being  concen- 
trated in  a  single  slot. 

The  use  of  whole-coiled  windings  for  3-phase  alternators  has  an 
inherent  disadvantage,  in  that  the  overlapping  end-connections  must 
be  laid  up  in  three  raises  as  in  Figure  160.  The  ends  D  of  the  first 
phase  are  brought  out  straight,  while  with  the  second  and  third  phases 
the  most  convenient  arrangement  would  be  to  bend  their  ends  in 
opposite  directions,  as  indicated  at  E  and  F  respectively. 

The  end-connections  of  the  second  phase  protrude  in  front  of  the 
poles  of  the  rotor,  and  thus  prevent  it  being  withdrawn  sideways.     This 
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objection  could  be  overcome  by  bending  the  end-connections  back- 
wards into  the  position  shown  in  Figure  i6i,  but  this  entails  too 
complicated  an  arrangement  of  end-connections.  Whole-coiled 
windings  are  therefore  very  seldom  used  for  3-phase  machines, 
hemitiopic  windings  rendedng  a  much  simpler  arrangement  of  end- 
connections. 

Figure  163  is  for  an  8-pole  hemitropic  2-coil  winding  where 
the  coils  of  each  phase  have  a  relative  displacement  of  120°  electrical. 
The  windii^  are  shown  star-connected,  the  various  phases  starting 
from  the  terminals  A,  B,  and  C,  and  terminating  at  the  neutral  point  O. 
The  end-connections  can  now  be  laid  up  in  two  ranges. 

Tbe  coils  belonging  to  any  one  phase  occupy  alternate  front  and 
back  ranges,  the  coils  in  the  different  ranges  being  represented  by 
long  and  short  coils  respectively.  It  will  be  noted  that  each  phase 
consists  of  two  long  coils  and  two  short  coils, — i.e.  two  in  the  front 
range  and  two  in  the  back.  The  three  phases  are  therefore  exactly 
similar,  and  should  the  length  of  the  mean  turn  of  the  front  range  coils 
differ  from  that  of  the  back  range  coils,  each  phase  wilt  still  have  the 
same  total  lei^h  of  conductor,  and  be  consequently  of  the  same 
resistance  and  quite  balanced. 

This  symmetry  only  occurs  when  the  number  of  poles  is  a  multiple 
of  four,  and  should  this  type  of  winding  be  employed  in  an  armature 
wound  for  6,  10,  14,  etc  poles  one  of  the  coils  must  necessarily  be 
askew  when  passing  from  a  back  to  a  frcmt  range.  This  is  indicated 
at  FF  in  Figure  163,  which  shows  tbe  development  of  a  single-coil 
winding  for  a  6-pole  machine. 

In  the  case  of  alternators  of  large  diameter  the  arrangement  of 
3-phase  coils  in  two  ranges  has  one  disadvantage :  since  the  coils 
overlap  one  another  at  their  ends,  the  top  half  of  a  wound  stator  cannot 
be  removed  without  first  unwinding  those  coils  whose  end-connections 
lie  across  the  joints  in  the  stator  frame. 

However,  by  adopting  the  arrangement  of  winding  shown  in 
Figure  164  the  necessity  of  unwinding  any  of  the  coils  is  done  away 
with.  In  this  winding  the  three  sets  of  coils  have  a  relative  displace- 
ment of  60  electrical  degrees,  and  their  end- connections  are  laid  up  in 
three  ranges,  all  the  coils  belonging  Co  one  phase  being  of  the  same  range. 
The  different  ranges  are  here  also  distinguished  by  coils  of  different 
ler^hs ;  but  it  must  be  remembered  that  the  actual  lengths  of  wire  * 
forming  the  coils  of  each  phase  must  be  approximately  equal,  other- 
wise the  phases  will  be  unbalanced.  At  the  planes  marked  dd,  which 
should  be  made  to  coincide  with  the  joints  in  the  stator  frame,  the 
core  may  be  divided  without  interfering  with  the  coils  themselves,  it 
only  being  necessary  to  break  the  connections  between  the  coils.  Since 
the  coib  of  the  various  phases  are  displaced  by  60  degrees,  the  above  wind- 
ing is  really  a  6-phaser,  and  to  convert  it  into  a  true  j-phase  arrangement 


314         ALTERNATING  CURRENT  MACHINERY 

the  red  phase  winding  must  have  its  connections  reversed.  Hence  for 
star  grouping  the  beginning  of  the  red  phase  is  connected  to  the 
neutral  point.  The  one  fault  with  this  winding  is  that,  owing  to  the 
coils  being  in  three  ranges,  the  crossing  of  the  various  phases  involves 
a  rather  complicated  arrangement  of  end-connections. 

Figure  165  shows  the  development  of  a  6-pole  lap-wound 
armature,  having  three  slots  per  pole  per  phase  and  one  conductor  per 
slot,  the  elements  of  all  the  coils  being  of  the  same  breadth.  I'his 
winding  is  half-coiled,  but  whole  coiled  windings  are  equally  suited  for 
3'phase  bar  windings. 
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CHAPTER  VII 

ALTERNATORS  :— E.M.F.  EQUATION— HARMONICS  IN  E.M.F. 
WAVE  DUE  TO  TEETH— MAGNETIC  CIRCUIT  CALCULA^ 
TIONS 

In  Figure  r66,  representing  the  distribution  of  flux  density  along  the 
air-gap  of  an  alternator,  let  x  denote  the  distance  of  a  conductor  C  from 
a  fixed  point  O  at  which  the  strength  of  magnetic  field  Is  zero,  I  the 
length  of  active  conductor  parallel  Co  the  sha^,  B  the  flux  density  at  C, 


and  /  the  time  taken  to  pass  from  O  to  C ;  then  the  E.M.F.  generated  in 
the  conductor  is  e  =  /.B~io-*  volts,  where  —denotes  the  velocity  of 
the  field  poles  relative  to  the  armature.  If  the  former  rotate  with  a 
constant  angular  velocity,  ^-  is  constant  and  the  shape  of  the  curve  of 

E.M.F.  induced  in  etuh  conductor  will  be  the  same  as  the  shape  of  the  curve 
of  ftux  distribution  in  the  air-gap.  Further,  if  t  denote  the  pole  pitch 
and  T,  the  periodic  time  of  the  electromotive  force, 


/^.*=/^ 


E„'t.,« 


where  E^.  —  the  average  value  of  the  induced  E.M.F. 

<fr  — total  flux  entering  or  leaving  the  armature  per  pole. 

Now  T,=  i;,  where  —  denotes    the   frequency  of  the   indiu^ 
E.M.F.     Hence  E„.=.  I  ~*io-«  volts  per  conductor. 
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For  a  concentrated  winding,  the  E.M.F.'s  induced  in  the  various 
turns  belonging  to  one  phase  attain  their  zero  and  maximum  values  at 
the  same  instant,  so  that,  if  there  be  T  turns  in  series,  the  average 
induced  E.M.F.  is 

E„  =  4T.~.*.  lo*  volts 

where  —  ■-  J-,  R  being  the  revolutions  per  minute  and  p  the  number  of 

pairs  of  poles. 

Fonn  Factor. — To  determine  the  effective  or  R.M.S.  value  E  of 
the  induced  electromotive  force,  the  shape  of  the  E.M.F.  wave  must  be 
krv3wn.  Let  k^  denote  the  ratio  E/E^  then  Ihe  effective  value  of  the 
E.M.F.  for  a  concentrated  winding  is 

E-A|.4T.~.*.io-«  volts 
The  coefficient  i4,  is  termed  the  form  factor,   its  value  for  a  given 
alternator  depending  on  the  ratio  of  pole  arc  to  pole  pitch,  and  the 
extent  to  which  the  pole  shoe  edges  are  bevelled. 

In  the  case  of  an  alternator  having  a  pole  arc  ^  equal  to  50  per 
cent  of  the  pole  pitch,  and  a  uniform  length  of  air-gap  over  the  pole 
face,  the  curve  of  instantaneous  E.M.F,  for  one  half-period  would  be  a 
rectangle,  the  fringing  of  magnetic  field  at  the  pole  tips  being  neglected. 
If  E,  denote  the  constant  value  of  the  induced  E.M.F.  when  the 
conductors  are  underthe  pole  face,  then  the  effective  value 

Next  suppose  that  the  pole  arc  is  reduced  to  25  per  cent,  of  the  pole 
pitch,  while  the  fiux  per  pole  remains  the  same.  The  curve  of  induced 
E.M.F.  will  again  be  a  rectangle,  but  will  have  a  maximum  value  double 
that  in  the  first  case.     The  R.M.S.  value  of  the  E.M.F.  now=E- 


V^ 


=  o.707E, 


kI       '    '  ^    =  E,.    Since  the  total  fiux  per  pole  is  assumed  to  have  the 

same  value  for  each  ratio  of  pole  arc  to  pole  pitch,  the  average  value  of 
the  E.M.F.  =  0.5,  El  remains  unaltered.  The  form  factors  for  ^  =  0.5 
and  f  =  0.25  will  therefore  be  1.41  and  2.0  respectively,  thus  showing 
that  for  a  given  flux  per  pole  the  eflective  value  of  the  E.M.F.  is 
increased  by  reducing  the  ratio  of  pole  arc  to  pole  pitch. 

The  assumption  of  sharp  rectangular  polar  edges  does  not  in 
general  apply  to  practical  cases,  as  the  edges  of  the  pole  shoes  are 
always  more  or  less  rounded.  If,  retaining  the  same  value  of  the 
magnetic  flux,  the  tips  of  the  poles  be  rounded  off  there  will  be  a 
greater  concentration  of  the  flux  under  the  centre  of  the  pole.  This 
will  cause  the  curve  of  instantaneous  E.M.F.  to  become  more  peaked 
and  thus  increase  the  value  of  the  fwm  factor.  Hence  with  rectangular 
poles  the  value  of  i,  for  the  same  magnetic  flux  i>er  pole  and  the  same 
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ratio  of  pole-arc/pole-pitch,  will  be  less  than  is  the  case  when  the  pole 
tips  are  bevelled.  In  modem  alternators  the  contour  of  the  pole  face 
is  generally  shaped  (Figure  138)  so  that  the  Sux  distribution  in  the  air- 
gap,  and  consequently  the  KM.F.  induced  in  each  conductor,  approxi- 
mates to  a.  simple  sine  curve.     When  such  is  the  case 


E„.=  -E™ 


and     ^1  = 


With  a  concentrated  winding  the  value  of  the  effective  E.M.F.  per 
phase  will  thcrefoie  be  expressed  by 

E  =  4.44,  T.~.*.  10-*  volts 

Breadth  Factor.— The  above  fonnula  for  the  induced  E.M.F. 
was  derived  on  the  assumption  that  the  width  of  one  side  of  a  coil  was 


I 


Fig.  1 67 a. 

negligible,  so  that  the  E.M.F. 's  generated  in  the  individual  turns  are  in 
phase  with  one  another  and  can  be  added  arithmetically.  With  a 
distributed  winding  the  E.M.F.  induced  in  the  various  elements  of  a 
coil  will  be  in  different  phases.  For  instance,  in  the  single-phase 
winding  of  Figure  153  the  E.M.F.  induced  in  each  of  the  three 
elements  of  a  coil  will  have  the  same  effective  values,  but  differ  in 
phase  by  1/6  of  180  d^;rees — i.e.  30 
d^rees.  If  the  vectors  OD,  DE, 
and  EF  (Figure  167B}  represent  the 
E.M.F.  induced  in  each  element 
respectively,  then  their  vector  sum 
OF  gives  the  effective  value  of  the 
E.M.F.  between  the  terminals  of  the 
coil,  which,  as  will  be  obvious  from  ( 
the  diagram,  is  somewhat  less  than 
the  arithmetical  sum  of  the  E.M.F.'s 
induced  in  the  various  elements.  With  a  distributed  winding  the 
pressure  at  the  terminals  of  each  phase  will,  therefore,  for  the  same 
values  of  T,  '»,  4,  and  ^,  be  less  than  for  a  concentrated  winding. 
The  general  expression  for  the  induced  E.M.F.  per  phase  becomes 
E  =  4.44.A,.T.~.*.io-«  volts  ....  (55) 
The  coefficient  k^  is  generally  referred  to  as  the  breadth  factor,  and  its 
value  for  a  distributed  winding  wilt  always  be  less  than  unity.  To 
determine  the  breadth  factor  for  various  arrangements  of  coils  some 


Fig,  167B, 
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assumption  must  be  made  as  to  the  distribution  of  magnetic  flux  along 
the  air-gap,  and  in  what  follows  it  will  be  assumed  that  the  Hux  varies 
■  according  to  the  simple  sine  law.  As  an  example,  the  value  of  k^  will 
be  calculated  for  a  3-phase  armature  having  3  slots  per  pole  pei  phase. 
There  will  be  9  slots  per  pole  as  shown  in  Figure  167A,  the  slots  having 
an  angular  pitch  of  20  degrees.  Suppose  the  conductors  of  slots  A,  B, 
and  C  to  be  in  series,  then  if  E™,  sin  B  denotes  the  E.M.F,  generated 
in  the  middle  slot  that  generated  in  the  other  two  will  be  E_,„  sin 
(tf+io)  and  E,«.  sin  (tf-ao).  The  maximum  value  of  the  E.M.F. 
at  the  terminals  of  the  coil  will  then  be 

E™,  sin  6  +  E„„  sin  (tf  +  20)  +  E„„  sin  (fl  -  zo) 

=  E„„  sin  ^1  +  2  cos  20)=  2.879  E™,sin  $ 
<  If  the  conductors  had   been   concentrated  in   a  single  slot  the 
maximum  E.M.F.  for  the  same  number  of  turns  per  coil  would  have 
been  3  E^i,  sin  6.    The  ratio 

£^7g_E™,sin_tf^ 
3  E,^  sin  & 

is  the  value  of  the  breadth  factor  for  a  3-phase  winding  having  3  slots 
per  pole  per  phase.  The  values  of  it^  for  other  arrangements  of  windings, 
derived  in  a  similar  manner,  are  set  forth  in  Table  XVI.  For  a  single- 
phase  wound  on  a  core  so  that  half  the  slots  are  left  empty  the  value 
of  the  breadth  factor  will  be  the  same  as  for  a  2-phase  winding  having 
the  same  number  of  slots  per  pole  per  phase. 


0.96 


Table  XVI.— Values  0 


Three-phase 

Two-phase 

Single-phbse  (50  per  cent,  of  slots  wiih- 

oMcoii) 

Single-phase  (slots  all  wound] 


er  Pole  per 

'liase. 

3           4 

5 

«, 

960  a958 

0.957 

0.956 

910  a9o6 

0.904 

0.903 

667   0.654 

0,647 

0.637 



From  the  above  table  it  will  be  noted  that  as  the  winding  becomes 
more  distributed  the  value  of  k^  decreases,  and  therefore  also  the  value 
of  the  induced  E.M.F.  for  an  alternator  of  given  constants.  On  the 
other  hand,  the  spreading  of  the  coils  over  several  slots  per  pole 
diminishes  the  inductance  of  the  winding  and  utilises  to  a  better  extent 
the  available  winding  space,  thus  ensuring  a  more  uniform  heating  of 
the  armature.  Another  consideration  in  favour  of  distributed  coils  is 
that  the  armature  reactions,  for  a  given  number  of  armature  ampfere- 
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turns,  are  considerably  less  than  when  the  winding  is  concentrated. 
Hence  it  is,  in  most  cases,  advantageous  to  employ  a  distributed 
winding,  a^d  in  modem  alternators  the  standard  practice  is  to  distribute 
the  sides  of  a  coil  over  from  two  to  five  slots,  live  and  six  being  the 
usual  number  of  slots  per  pole  per  phase  for  turbo-alternators. 

Example. — From  the  following  data  of  a  440-K.V.A.  3-phase 
alternator  calculate  the  flux  per  pole  required  at  no-load.  The  pole 
shoes  are  shaped  so  as  to  give  a  sine  distribution  of  flux. 

Terminal  volts  ^5oo  Number  of  slots  =  240 

Speed  in  R,P.M.  =  37S  Conductors  per  slot  =1 

Number  of  poles  =  16  Winding  star  connected 

Flux  per  pole  =  *= ; — ;= — 

Volts  per  phase  =  E  =  ^  -  346 

Slots  per  pole  per  phase  =  ■  '—  =  5 

Breadth  factor  <ii>=  0.957 
Turns  pet  phase  =  T  =  40 
Frequency=-'  =  "|-^  =  50 

Substituting  these  values  in  the  above  equation,  the  flux  per  pole  at 
no-load 

*= 346x10"      ^4.ixio«lines 

4.44x0.957x40x50 

Harmonics  in  E.M.F,  Waves  due  to  Toothed  Armatures 
In  order  that  the  electromodve  force  wave  on  open  circuit  may  be 
a  sine  curve,  the  flux  density  in  the  air-gap  must  vary  according  to  the 
simple  harmonic  law.  With  smooth-core  armatures — i.e.  armatures 
having  totally  closed  slots — this  is  attained  by  shaping  the  pole  shoes  so 
that  the  reluctance  of  the  air-gap  at  any  point  is  inversely  proportional 
to  the  cosine  of  the  electrical  angle  between  that  point  and  the  centre 
of  the  pole.  When  the  armature  has  open  slots  the  magnetic  reluctance 
at  different  parts  along  the  air-gap  will  vary  according  to  the  position  of 
the  armature  teeth  relative  to  that  part  Consequently,  the  movement 
of  the  poles  past  the  armature  will  cause  variations  in  the  magnitude 
and  distribution  of  the  main  field,  and  thereby  introduce  harmonics  into 
the  E.M.F.  wave. 

The  variation  to  which  the  main  field  is  subjected  may  be  rendered 
clear  by  considering  two  typical  cases  :  (i)  when  the  polar  arc  is  a 
multiple  of  the  tooth  pitch  ;  and  (3)  when  the  polar  arc  is  a  mulliple  plus 
one-half  the  tooth  pitch.    These  two  cases  are  illustrated  for  an  alternator 
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having  nine  slots  per  pole,  in  F^res  i68  and  169  respectively,  the 
width  of  a  tooth  in  each  case  being  equal  to  the  width  of  a  slot. 

\Vhen  the  polar  arc  is  a  multiple  of  the  tooth  pitch  the  two  extreme 

positions  of  the  annature  relative  to  the  poles  are  when  (a)  two  slots 

AimMun  core  ^""^  ^^J  *""  tccth  are  iindcT 

~innnnnnnf   *^ p°'* ^^ > ^^^^ positions 

U  JJ   U    U   U   L-l   U   U      are  shown  at  A  and  B  respect- 
er—^'        Pait'tiwt         ~--j  ively  (Figure  168).   In  position 
I               j               I  A,   since  there  is  very  little 
I               I               I  fringing,  owing  to  the  uniform 
A                                   ^r-gap,  the  greater  portion  of 
the  flux  will  enter  the  annature 
ynjjJ|J|nj|J[J|_  by  those  teeth  actually  under 

V_, -31 __  '  the  pole  shoe,  and  hence  the 

tL  !  I 1  boundary  lines  of  the  flux  will 

j  I  be  approximately  as  shown  at 

'  g  a  and  A      When  the    poles 

_       go  move  into  the  position  B,  the 

p^l^^^  flux   will  spread  out  towards 

Tooih  pilch "*■  the  outer  edges  of  the  teeth, 

so    that    it    now    enters    the 

armature  by  way  of  seven  teeth  instead  of  six  teeth  as  previously. 

Hence  as  the  poles  move  past  the  armature  the  reluctance  of  the 

main  magnetic  circuit  is  subject  to  a  periodic  variation  in  magnitude 

which  causes  the  magnitude  of  the  flux  to  vary  periodically  also.    This 

magnetic  oscillation  is  usually  Ai««m«  ur 

referred  to  as  "  flux  pulsation."       nnr~tnnnnr~l 

When  the  polar  arc  is  a  mul-    _J    U    U    LJUU    LI    U    L 

tiple  plus  one-half  of  the  tooth  r"~ Poio'thoe      "~" — \ 

pitch  (Figure  169)  the  two  ex-  ^    I  '  ' 

treme  positions  are  when  (a)  a  1 

slot  is  under  the  trailing  tip 

and  a  tooth  under  the  leading    ("irnnnrnnnnr 

tip,  and  ip)  a  tooth  is  under    I    U    ]J    UULJLJ    Lj    U 

the  trailing  tip  and  a  slot  under  I — "■"  \  -— | 

the  leading  tip.      These  two  1  j  I 

positions  are  shown  at  A  and  I 

B   respectively,  the  boundary  ° 

lines  of  the  flux  in  the  two  ^'°'  '^ 

cases  being  approximately  as  tomiipiich"''' 

indicated.      From    the   latter 

diagrams  it  will  be  seen  that  the  number  of  teeth  by  which  the  flux 

enters  the  armature,  and  consequently  also  the  magnitude  of  the  main 

flux,  remains  constant,  but  that  the  line  of  symmetry  of  the  field  is 

subject  to  periodic  variation  relative  to  the  centre  line  of  the  poles. 
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ITiis  gives  rise  to  a  to-and-fro  oscillation  of  the  main  flux,  which  may  be 
termed  a  "  flux  swing."  Although  the  principal  variations  to  which  the 
main  flux  is  subject  in  the  two  cases  is  as  described,  yet,  owing  to  there 
being  no  deSnite  boundary  line  between  the  fields,  the  magnetic  flux 
is  also  subject  to  a  slight  "swing"  in  the  first  case  and  to  a  slight 
"pulsation"  in  the  second.  When  the  proportions  of  polar  arc  to 
tooth  pitch  lie  between  the  values  given  above,  the  oscillations  which 
occur  will  include  both  the  types  described,  but  thdr  ms^itudes  will  be 
considerably  less.  In  either  case  the  frequency  of  oscillation  will  be  equal 
to  the  number  of  teeth  passing  a  pole  per  second — i.e.  =  an-^,  where 
<i  =  number  of  slots  per  pole  pitch  and  ~=frequency  of  the  generator. 
When  the  flux  is  subject  to  pulsations  the  E.M.F.  ripples  will  be 
proportioiial  to  the  flux  linked  with  a  coil.  The  flux  linked  is  a 
minimum  when  the  centre  of  the  coil  coincides  with  the  mid-pole 
position,  and  is  a  maximum  when 
it  cfrincides  with  the  middle  of  the 
pole.  Hence  the  E.M.F.  ripples 
will  be  a  minimum  in  the  former 
position  and  a  maximum  in  the 
latter.  On  the  other  band,  the  main 
E.M.F.  generated  in  a  coil  due  to 
the  roUtion  of  the  poles  or  armature 
will  be  a  maximum  in  the  former 
position  and  aminimum  in  the  latter. 
Hence  for  the  case  shown  in  Figure 
i6S  the  ripples  in  the  E.M.F.  wave 
will  be  a  maximum  as  the  wave  'p!!.''" 

crosses  the  zero  line  and  a  mini-  Twih^"''' 

mum   at    the  crest  of  the  wave. 

When  the  flux  is  subject  to  a  swing  it  is  evident  from  Figure  169 
that  no  harmonics  will  be  generated  in  a  coil  so  long  as  the  sides 
of  the  latter  are  in  the  interpolar  space.  As  soon,  however,  as  they 
come  under  cover  of  the  pole  shoes,  ripples  in  the  E.M.F.  wave 
will  appear.  Hence  when  the  polar  arc  is  a  multiple  plus  one-half  of 
the  tooth  pitch  the  ripples  in  the  E.M.F.  wave  will  be  a  maximum  on 
the  crest  and  a  minimum  as  the  wave  crosses  the  zero  line.  This  is 
clearly  shown  in  Figure  1 70,  which  gives  the  wave  form  of  an  alternator 

where     pog  ^''C  -eg   the  alternator  being  connected  to  a  number 

tooth  pitch 
of  unloaded  caUes. 

In  a  general  case  the  ripples  on  the  crest  of  an  E.M.F.  wave  will  be 
due  to  swaying  of  the  flux,  whereas  those  near  the  zero  portion  of  the 
ware  will  be  due  to  flux  pulsation,  The  latter  are  always  less  apparent 
than  the  former,  owing  to  the  fact  that  the  harmonics  do  not  show  so 
much  on  the  slo^nng  sides  of  the  curve,  and  also  because  any  pulsation 
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of  the  m^n  flux  is  bound  to  be  damped  out  to  some  extent  by  the 
eddy  currents  in  the  iron. 

Frequency  of  the  Harmonics.— Since  the  frequency  of 
oscillation  of  the  main  magnetic  (lux=  zn  times  the  frequency  of  the 
alternator,  and  therefore  must  be  an  even  multiple  of  the  machine 
frequency,  it  would  appear  as  if  it  gave  rise  to  an  even  harmonic  in  the 
E.M.F.  wave.  This,  however,  is  not  the  case;  for,  owing  to  the  "flux 
pulsation"  and  "flux  swing"  not  each  existing  throughout  the  whole 
period,  the  ripples  will  exhibit  a  periodic  discontinuity  of  phase.  Owing 
to  these  discontinuities  the  positive  and  negative  half-waves  of  electro- 
motive force  will  be  identical,  in  spite  of  the  fact  that  the  frequency  of 
any  train  of  ripples  is  an  even  multiple  of  the  fundamental  frequency. 

When  there  are  n  teeth  per  pole  the  magnetic  flux  in  the  air-gap 
of  an  alternator  is  equivalent  to  an  alternating  flux  of  frequency  2n 
superposed  upon  a  main  sinusoidal  flux  of  unity  frequency  and  having 
the  same  average  value  as  that  of  the  irregular  flux  curve.  If  *  denote 
the  flux  per  pole,  the  main  flux  linked  with  a  coil  at  any  displacement  8 
of  coil  from  centre  of  po!e  =  ^i  =  *  cos  ft  If  the  main  flux  had  a 
constant  value  all  over  the  air-gap  the  alternating  flux  of  frequency  an 
would  be  of  constant  amplitude.  Assuming  the  oscillations  of  flux  to 
follow  a  simple  sine  law,  the  value  of  the  high-frequency  component  of 
the  flux  linked  with  a  coil  would  be 

^  =  «i  cos  (awO-a) 
But  the  amplitude  cj  varies  with  the  magnitude  of  the  main  flux ;  hence 

^  =  <$  cos  9  cos  (a«fl  -  a) 
where  <  is  the  amplitude  factor,  the  value  of  which  is  always  less.then 
unity.     The  instantaneous  value  of  the  total  flux  linked  with  an  annature 
coil  is  therefore 

^  =  ^1  +  ^j  =  *  cos  tf  { I  + 1  cos  (z«tf  -  a)} 
and  the  E.M.F.  induced  thereby  is 

,«_T#=-T#''^-      »,-.t''* 
dl  dedi  .         dO 

=  -2)r.T.~.*.^cos9(n-<cos(2n«-o)}] 

=  aT.T.~.*[sintf  +  £.??^:i-'.sin  {(z«-i)tf-a} 

+  ,.£^±i.sin{(a"  +  i)''-«}3 

Hence  the  oscillation  of  magnetic  flux  with  a  frequency  2«,  as  due  to  « 
slots  per  pole,  introduces  into  the  E.M.F.  wave  two  harmonics  of  the 
orders  (aw-i)  and  (aw  +  r).  For  example,  in  a  3-phase  alternator 
having  two  slots  per  pole  per  phase,  n  =  6  and 

<'=27r.T.~.*{sin  tf-H^ii  sin  (iitf -^a)-H '3?  sin  (ijtf-*)) 
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The  lowest  harmonics  introduced  by  the  action  of  the  armature  slots 
will  be  the  eleventh  and  thirteenth  respectively.  With  three  slots  per 
pole  per  phase  the  lowest  harmonics  would  be  the  seventeenth  and 
nineteenth. 

This  conclusion  as  to  the  order  of  the  most  important  harmonics 
can  be  explained  as  follows.  An  oscillation  of  flux  due  to  2«  teeth 
per  pair  of  poles  is  equivalent  to  an  alternating  flux  of  frequency  in 
superposed  on  a  constant  flux.  Now  the  former,  as  explained  on 
page  266,  may  be  resolved  into  two  components,  each  of  one-half  the 
amplitude,  rotating  forward  and  backwards  with  2n  times  the  velocity 
of  the  field  system.  If  the  speed  of  the  main  field  be  taken  as  unity, 
the  speeds  of  the  forward  and  backward  rotating  fields  relative  to  the 
armature  will  be  (sh  + 1)  and  (a«  -  1)  respectively ;  hence  the  appear- 
ance of  the  (2«+i)"'  and  (aw-  i)'"  harmoDics  in  the  E.M,F.  wave. 

Harmonics  due  to  armature  teeth 
should  as  far  as  is  practical  be 
eliminated  from  the  E.M.F.  waves 
of  alternating  current  generators, 
for  there  may  possibly  arise  condi- 
tions, similar  to  those  shown  in 
Figure  14,  where  these  high-fre- 
quency harmonics  resonate  with  the 
external  circuit,  in  the  event  of 
which  the  pressure  of  the  system  may 
rise  considerably  above  its  normal 
value.     With    open    slot    armatures 

the  elimination  of  the  ripples  in  the  r»=.,'7'.-A5kewpoIe  shoesconsist- 
_  .  .  _  .1      u   1      J     u  ing  of  len  packels  of  larainie. 

E.M.F.   wave   is  greatly  helped    by 

rounding  off  the  pole  edges.  This  prevents  any  sudden  changes  in 
flux  as  the  pole-edge  leaves  a  tooth,  and  if  there  be  a  large  number  of 
teeth  per  pole,  so  that  the  flux  swing  is  small,  the  ripples  produced  will 
be  of  exceedingly  small  magnitude.  With  semi-closed  slots  the  slot 
openings  will  have  very  little  effect  upon  the  reluctance  of  the  air-gap, 
and  with  suitably  shaped  pole  shoes  it  is  possible  to  obtain  an  E.M.F. 
wave  which  deviates  by  little  from  a  pure  sine  curve.  Another  method 
of  preventing  open  slots  from  affecting  the  air-gap  reluctance  is  to  make 
the  pole  edges  slightly  askew  (Figure  171),  so  that,  if  the  edge  of  the 
pole  shoe  be  projected  on  the  armature,  this  projection  will  be 
parallel  to  the  line  joining  the  middle  point  of  a  slot  directly  under 
the  side-edge  of  a  pole  piece  to  the  middle  point  of  an  adjacent  slot 
directly  under  the  opposite  edge.  With  this  design  of  pole  shoe 
the  reluctance  of  the  magnetic  circuit  will  remain  constant  for  all 
positions  of  the  poles  relative  to  the  armature. 

With  a  concentrated  winding  the  shape  of  the  E.M.F.  wave  will  be 
similar  to  that  of  the  flux  curve,  and,  if  the  latter  exhibits  irregularities 
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due  to  the  presence  of  open  slots,  corresponding  lipples  wilt  appear 
in  the  E.M.F.  wave.  When  the  same  winding  is  distributed  over 
several  slots  per  pole  per  phase,  not  only  will  the  amplitude  of  the 
harmonics  be  less  owing  to  the  smaller  slot  openings,  but  the  ripples  in 
the  E.M.F.  curve  for  the  whole  coil  will  not  be  pronounced  as  in  the 
electromotive  force  wave  of  an   individual  element     For  example. 


Fig.  172. 


consider  a  3-phase  alternator  having  three  slots  per  pole  per  phase,  and 
suppose  that  the  E.M.F. 's  induced  in  the  various  elements  of  a  coil  may 
be  represented  by  a  non-sinusoidal  curve  A  (Figure  172},  each  curve 
being  displaced  from  another  by  a  distance  equal  to  the  slot  pitch, 
i.e.  20  d^rees  electrical.  The  resultant  wave  of  the  E.M.F.  for  the  whole 
coil,  obtained  by  adding  the  ordinates  of  the  three  curves  together,  is 
represented  by  the  second  curve  B  drawn  to  a  smaller  scale.    The 


latter  is  more  regular  than  the  component  curve,  thus  showing  that  the 
distribution  of  the  winding  results  in  a  nearer  approximation  to  the  sine 
wave  of  electromotive  force. 

From  these  considerations  it  will  be  seen  that,  even  with  slotted 
armatures,  an  alternator  can  be  designed  to  give  an  E.M.F.  curve 
which  at  no-load  is  approximately  sinusoidal.  It  is,  however, 
impossible  with  salient  pole  field  magnets  to  retain  this  shape  under 
all  conditions  of  toad.     For,   when  current  flows  in  the  armature 
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winding  a  cross  magnetomotive  force  is  set  up  which  distorts  the 
magnetic  flux  and  increases  the  flux  density  in  the  air-gap  under 
the  trailing  horn  of  the  pole  introducing  a  pronounced  third  or  fifth 
harmonic  into  the  E.M.F,  wave.  This  cross  magnetic  flux,  which 
is  a  maximum  on  non-inductive  load  and  decreases  as  the  power 
factor  is  diminished,  can  only  be  annulled  by  distributing  the  field 
winding  in  several  partially  or  totally  closed  slots,  as  is  the  case 
with  rotors  of  the  cylindrical  type.  The  possibility  of  obtaining  a  sine 
ware  of  E.M.F.  at  all  loads  is  therefore  another  consideration  in  favour 
of  cylindrical  rotors  for  turbo-alternators.  The  effect  of  armature 
reaction  on  the  electromotive  force  wave  form  of  a  600-K.W.  3- 
phase  star-connected  alternator  is  clearly  shown  by  the  curves  in 


Figure  173,  which  give  the  wave  forms  for  (i)  no-load,  and  (2)  full-load 
at  Q.74  power  factor. 

Harmonics  in  Three-phase  Alternators.— In  a  star-connected 
generator  all  harmonics  whose  frequency  is  a  multiple  of  three  times 
the  fundamental,  though  present  in  the  induced  E.M.F.  curve  for  eadi 
phase,  are  entirely  eliminated  in  the  terminal  E.M.F.  curve  taken 
across  the  lines.  The  reason  for  this  will  be  made  clear  by  considering 
the  general  equations  for  the  E.M.F. 's  induced  in  the  various  phases. 
The  expressions  for  the  E.M.F.'s  are  as  follows  (see  p.  7) : — 
irj  =  EiSinS+Egsin(3fl-f^3)-l-EjSin(sfl-H<^s}-(-  .... 
^j  =  EiSin(*-r2o)-t-Essin{3{fl-iao)  +  <^j)-t-E5sin{s(d-i3o)-|-^j;  +  .., 

=  EiSin(fl-i2o)-t-EjSin(30-Ki^g)-(-EjSin(5tf- 24o-(-^5)-l-  .... 
^J  =  ElBin(tf-24o)-^EJsin{3{^-24o)-^-<^J  +  EJsin{5(tf-24o)-^*J 

«  E,sin(e -  240) -f- Ejsin(3tf -I- 0g) -I- Ej,sin(5fl  - 1 20 -t- 0(,) 

From  the  above  it  will  be  seen  that  the  third  harmonic  is  in  phase  at 
any  instant  in  all  the  three  windings,  and  so  cancels  out  in  the  E.M.F. 
wave  taken  across  the  line.  This  conclusion  also  applies  to  the  ninth, 
fifteenth,  and  twenty-first  harmonics.  Hence  no  triple-frequency 
currents  can  flow  in  the  line  wires  unless  the  star  point  of  the  generator 
is  connected  to  the  neutral  point  of  the  load  either  through  a  fourth 
wire  or  via  earth.     The  elimination  of  the  third  harmonic  from  the 
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E.M.F,  wave  of  a  star-connected  alternator  is  clearly  indicated  by  the 
curves  in  Figure  174.  Tlie  first  curve,  having  a  pronounced  third 
harmonic,  shows  the  E.M.F.  across  one  phase.  The  second  curve  is 
the  line  E.M.F.,  and  shows  no  indication  of  a  third  harmonic.  With  a 
mesh-connected  armature   the  triple  frequency  harmonics  act  in  the 


Fig.  174.— E.M.F.  waveofstai-connected  alternator, 


same  direction  round  the  mesh,  and  thereby  tend  to  circulate  currents 
internally.  The  increased  I^R  loss  and  heating  due  to  these  local 
currents  may,  under  favourable  circumstances,  be  considerable,  so  that 
the  star  connection  is  Co  be  preferred. 

Magnetic  Circuit  Calculations 

From  the  E.M.F.  equation  given  in  a  previous  section  of  this 
chapter  it  will  be  seen  that  for  a  winding  having  a  given  number  of 
turns  the  induced  voltage  is  a  function  of  the  magnetic  flux.  In 
order  that  this  flux  may  become  linked  with  the  armature  turns  the 
field  winding  must  produce  a  certain  excitation.  If  the  magnetic  flux 
entering  the  armature  per  pole  be  plotted  as  a  function  of  the  field 
amp&re-turns,  then  the  curve  so  obtained  gives  the  magnetisation  curve 
of  the  alternator  under  consideration.  For  a  given  speed  the  total 
E.M.F.  induced  in  the  armature  winding,  when  on  open  circuit,  is 
expressed  by 

E  =  4.44  *j.T.~.*.  10-8  =  C*  volts 

where  C  is  a  constant.  Hence  the  no-load  saturation  curve  may  be 
computed  from  the  magnetisation  curve  by  marking  off  along  the 
ordinate  reference  axis  the  corresponding  values  of  induced  E.M.F. 
(see  Figure  175).  This  curve  is  obtained  experimentally  by  driving 
the  alternator  at  normal  speed  and  observing  the  terminal  voltage 
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cOTTcsponding  to  various  values  of  the  exciting  currents.  For  excita- 
tions between  zero  and  normal— ('.«.  froin  O  to  A,  the  curve  U 
approximately  a  straight  line,  because  for  low  inductions  the  perme- 
ability of  the  iron  is  approximately  constant,  thus  permitting  the 
oiagnetic  flux  and  consequently  the  induced  E.M.F.  to  increase  in  the 
same  proportion  as  the  excitation.  The  less  the  radial  depth  of  air-gap 
the  steeper  will  be  the  slope  of  the  straight  line  portion  of  the  curve. 
When  the  excitation  is  increased  beyond  that  corresponding  to  the 
point  A,  the  curve  bends  over  to  the  right,  and  on  further  increasing 
the  exciting  current  would  tend  to  become  nearly  horizontal,  due  to 
the  saturation  of  the  magnetic  circuit. 

To  obtain  the  magnetisation  curve  when  working  out  the  design  of 
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an  alternator  it  is  necessary  to  calculate  the  excitation  corresponding 
to  various  values  of  the  magnetic  flux.  In  a  composite  magnetic 
circuit,  such  as  occurs  in  electrical  machines,  the  magnetomotive  force 
of  the  exciting  coils  is  expressed  by 


.AT 


=        /  H  .  <// 


=  HiL,-fH,La+H3U,+ 

or        AT  =  o.8HilTl-o.8HjLj  +  o.8HiLa+ 

where  AT  denotes  the  amp^re-tums  for  the  field  coil ;  H,Ivi,  H^Lj, 
HjLf,  etc.   the  fall  of  magnetic  potential  over  the  various  parts  of 
lengths  Li,  Lj,  L,,  etc  and  permeability  ^,  fij,  /i^,  etc. 
Now,  since 
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where  B  =  Aux  density,  A  the  cross-sectional  area  of  magnetic  circuit, 
and  4  the  total  magnetic  flux, 

.-    0.8  *.    ,    ,  0.8  *=   ,    , 

=  -_11j.L,  +  2:8B,    L,^ 

Now  — denotes  the  amp^re-lurns  for  each  centimetre  of  length,  and 

as  its  value  corresponding  to  an;  flux  density  B  can  be  obtained  from 
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the  curves  of  Figure  176,  the  equation  for  ampere-turns  may  be  written 
thus, 

AT  =  «/,.  Ll  +  a/g.Lg-^o/g.L3^-  .... 

where  at^  at^  ai^,  etc.  denote  the  ampere-turns  per  centimetre  of  length 
for  the  various  parts  of  the  magnetic  circuit.  From  the  above  equations 
it  will  be  seen  that  in  order  to  calculate  the  ampfere-turas  of  field 
excitation  corresponding  to  various  values  of  armature  flux  it  is  essential 
to  know  (i)  the  dimensions  of  the  magnetic  circuit,  and  (z)  magnetisa- 
tion or  B/H  curves  of  the  iron.     The  latter  have,  in  Figure  176,  been 
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plotted  for  armature  laminations,  cast  steel,  and  cast  iron :  a  separate 
curve  for  the  high  densities  occurring  in  armature  teeth  is  given 
on  page  235. 

Magnetic  Leakage  and  Leakage  Coefficient 

The  total  flux  generated  in  each  magnet  core  of  an  alternator  does 
not  pass  through  the  armature  core,  but  a  certain  percentage  leaks 
across  from  one  pole  to  another  by  way  of  the  intervening  air-paths  as 
shown  in  Figure  177.  The  ratio  of  the  whole  flux  generated  in  each 
unit  of  the  magnetic  circuit,  to  the  useful  flux  which  crosses  the  air-gap 
and  enters  the  armature,  is  termed  the  coefficient  of  magnetic  leakage,  and 
is  denoted  by 

_  Number  of  lines  generated  in  field  poles  _  ^„ 
Number  of  lines  in  armature  *. 

(T  is  sometimes  referred  to  as  the  leakage  factor  or  dispersion  coefficient. 


Fig.  177.— Magnetic  leakage. 

Since  the  total  flux  generated  in  each  magnet  core  =•  useful  flux  (*„)  + 
leakage  flux  (*,),  the  leakage  factor  can  also  be  expressed  by 

_  Useful  flux  +  leakage  flux  _*„  +  »;_    ^  */ 
Useful  flux  *a  *. 

For  a  given  magnetomotive  force  the  stray  flux  is  proportional  to  the 
permeance  of  the  paths  through  which  leakage  can  take  place ;  whereas 
the  useful  flux  is  approximately  proportional  to  the  permeance  of  the 
air-gap  and  teeth  which  are  effective  in  carrying  the  main  flux.  Hence 
Permeance  of  leakage  paths  _  V, 
Permeance  of  teeth  and  air-gap  ~        P„ 

The  value  of  the  ratio  ~-  will  depend  upon  the  shape  of  the  pole  cores 

and  the  pole  shoes,  the  length  of  the  interpole  arc,  radial  depth  of  the 
air-gap,  the  flux  density  in  the  pole  core,  and  the  extent  of  the 
armature  reaction. 

The  flux  through  any  cross-section  of  Ihe  magnetic  circuit  is  a 
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maximum  in  the  magnet  ring,  and  gradually  diminishes  as  the  air-gap  is 
approached,  until  at  the  armature  surface  it  is  reduced  to  the  useful 
flux  which  becomes  linked  with  the  winding.  In  practical  calculations 
it  is  convenient  to  assume  that  the  useful  flux  only  passes  through  the 
air-gap  and  that  the  leakage  lines  leave  the  main  magnetic  circuit  at  the 
pole  face,  thus  allowing  the  total  flux  generated  to  pass  through  the 
magnet  core.  This  assumption  considerably  simplifies  calculations,  and 
the  results  obtained  are  of  sufficient  accuracy  for  ordinary  work. 

Calculation  of  Ampbre-turns. — In  multipolar  machines  each 
pair  of  poles  along  with  the  corresponding  portion  of  the  magnet  ring, 
air-gap,  and  armature  will  be  treated  as  a  unit  magnetic  circuit  (see 
Figure  r86A). 

For  convenience  in  determining  the  amp^re-tums  of  excitation 
required  per  pair  of  poles  the  following  parts  of  the  magnetic  circuit 
will  be  considered  separately:  (r)  armature  core,  (3)  armature  teeth, 
(3)  air-gap,  (4)  pole  core  and  pole  shoes,  and  (5)  the  magnet  yoke,  the 
symbols  used  for  the  various  parts  being  as  follows : — 


P»rl. 

Length  in 

Cms.  per  Pair 

of  Poles. 

Cross-sectional 
Area  in  Cms.' 

Flux  Density 

in  Lines  per 

Amp^re-lunu 

per  Pair  of 

Poles. 

Armature  core 
Armature  teeth     . 

Magnet  yoke 

Ac 

1 

I 

AT, 
AT, 

AT5 

Armature  Core. — After  crossing  the  air-gap  and  entering  the 
armature  by  way  of  the  teeth  and  the  slots,  the  flux  from  any  N-pole 
passes  along  two  divei^ing  paths  towards  adjacent  S-poles.  The  flux 
crossing  any  radial  cross-section  of  the  core  =  o.s  *„  so  that  the 
induction  density  in  the  core  is 

.  *■  _      *- 


B,= 


2  A, 


!  L.  .rf 


where  L.  =  net  length  of  armature  iron  parallel  to  shaft 
tf=>  radial  depth  of  iron  below  teeth. 
Since  the  armature  laminations  are  separated  from  each  other  by  paper 
or  varnish,  and  radial  air-ducte  are  formed  jn  the  core  to  facilitate 
ventilation,  the  nett  length  of  the  core  L„  will  be  less  than  the  gross 
length  Lj  by  an  amount  varying  from  20  to  35  per  cent.,  depending 
upon  the  number  of  ventilating  ducts.  The  thickness  of  insulation 
between  adjacent  plates  is  generally  10  per  cent  of  the  thickness  of  the 
core  plates ;  the  nett  length  of  core  is  thus 

=  o.g  (L,  -  length  taken  up  by  ventilating  doct 

''   7lC 


liicts>,  , 
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The  above  expression  for  B,  is  based  upon  the  assumption  [hat  the  flux 
is  distributed  uniformly  over  a  cross-section  of  the  core.  Now,  for 
reasons  to  be  afterwards  discussed,  such  an  assumption  is  not  in 
accordance  with  actual  facts,  but  the  enor  so  Introduced  is  less  than 
the  possible,  error  due  to  variation  in  the  permeability  of  the  iron. 
Having  determined  the  value  of  B„  the  corresponding  value  of  the 
ampere-turns  at,  per  cm.  of  length  can  be  obtained  from  the  curves  of 
Figure  176.  The  ampfere-tums  per  pair  of  poles  to  drive  the  flux  *a 
through  the  armature  core  are  therefore 
AT,=a/,.L, 

Armature  Teeth. — If  it  be  assumed  that  all  the  useful  flux  enters 
the  armature  core  entirely 
through  the  teeth,  then  the 
flux  density  in  the  latter,  at 
any  particular  section  and 
as  determined  on  this  basis, 
is  known  as  the  fictitious  or 
apparent  density.  At  the 
high  values  of  the  latter — 
16,000  and  upwards — oc- 
curring in  modern  machines, 
the  permeability  of  the  iron 
-will  be  comparatively  low, 
with  the  result  that  the  total 
flux  in  the  core  does  not 
enter  by  way  of  the  teeth 
only ;  but  a  certain  propor- 
tion enters  through  the  slots, 
the  ventilating  ducts,  and 
the  insulation  between  the 
plates,  the  latter  offering 
parallel  paths  of  somewhat 
higher  reluctance.  The  way 
in  which  the  flux  enters  the 
armature  through  the  teeth 
and  slots  is  clearly  shown 
by  the  stream  line  diagrams 
of  Figure  1 78,  originally 
published  by  Hele-Shaw, 
Hayand Powell,* in  apaper 

on  the  magnetic  flux  distri-  Fig,  178A, 

bution  in  toothed  armature 

cores.    The  distribution  of  the  flux  was  investigated  by  the  aid  of  an 
*  Jeunt.  eflht  Insl.  of  Elect.  Engineers  (1904),  vol.  nxxiv,  p.  ai, 
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hydraulic  model  in  which  the  stream  lines  in  glycerine  forced  between 

two  sheets  of  glass  were  made  to  imitate  the  analogous  passage  of  lines 

of  force  through  media  of  different  permeability. 

In  standard  alternators  with  stationary  external  armatures  the  flux 

density  in  the  teeth    at   the   section    of  minimum  thickness  seldom 

exceeds  iS,ooo  or  19,000  lines  per  cm* 

For  inductions  not  exceeding  18,000  the  percentage  of  the  flux 
which  enters  the  armature 
through  the  slots  will  be 
small,  and  the  excitation  re- 
quired for  the  teeth  can 
therefore  be  calculated  with 
sufficient  accuracy  by  assum- 
ing that  the  whole  of  the 
flux  enters  the  armature  core 
through  the  teeth  only.  If 
tp  denote  the  pitch  of  a  tooth 
at  periphery,  and  ^i  (page 
339)  the  ideal  pole  breadth, 
then  the  flux  passing  down 
each  tooth  =  *. .  J^ ,  and  the 

corresponding   flux    density 
at  any  section,  of  width  /,  is 

L.  .  /  .  *, 

The  induction  densities 
B„„  B„^  and  B^^  at  the 
top,  middle,  and  root  of 
tooth  respectively,  are  deter- 
mined from  the  above  equa 
tion  and  the  corresponding 
values  of  the  ampere-turns 
per  cm.  derived  from  Figure 
176.  If  the  values  of  ai,„„ 
Fro.  178B.  af„,j,  and  ■»/«„   be  plotted 

as  a  function  of  the  length 
of  the  tooth,  a  curve  such  as  Figure  179  is  obtained.  The  area  of 
the  curve  represents  the  ampfere-turns  per  tooth  and  is  expressed  by 

08  /  '    \\.dh  =  l         '  al,dh 

where  dk  ^  small  element  of  radial  length  of  tooth. 
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The  area  can,  with  sufficient  accuracy,  be  determined  by  Simpson's 
rule,  since  the  curve  resembles  a  parabola;  hence  there  is  obtained  the 
following  equation  to  the  ampfere-turns  for  the  teeth 

In  highly  saturated  teeth,  where  the  flux  density  exceeds  18,000 
lines  per  cm,*,  the  lines  of  force  along  the  edges  of  the  slot  curve  round 
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FIC.  179. 

and  enter  the  iron  through  Che  sides  of  the  teeth  as  depicted  in  Figure 
178.  The  iron  of  the  teelh  and  the  non-magnetic  material  within  the 
slot  may  be  looked  upon  as  two  magnetic  paths  of  the  same  radial 
depth,  in  parallel.  For  any  small  section  of  depth  h  the  total  flux 
corresponding  to  one  tooth  pitch  will  divide  between  the  parallel  paths 
of  iron,  air,  etc.  in  proportion  to  their  respective  permeances.  When, 
as  is  invariably  the  case,  the  slots  have  parallel  sides,  the  iron  section 
of  the  tooth  increases  the  farther  it  is  from 
the  air-gap  periphery.  The  percentage  of 
flux  through  the  slot  therefore  diminishes  i 
as  the  tooth  root  is  approached,  and  at  a 
section  about  midway  down  the  tooth  the 
magnetic  flux  will  be  almost  entirely  con- 
fined to  the  iron.  The  ampere-turns  for  strongly  saturated  teeth  may 
be  derived  by  the  following  method,  due  originally  to  Parshall  and 
Hobart.* 

Consider  a  cylindrical  section  through  the  teeth  and  slots  as  shown 
by  shaded  band  in  Figure  1 80.  Then  through  this  cylindrical  surface  of 
width  dh  and  distant  h  cms.  from  top  of  teeth  there  passes  the  total 
armature  flux,  which  divides  itself  between  the  teeth  and  the  slots; 
thus 

Total  flux  =  flux  through  teeth -I- flux  through  slot. 
•  Bitginetriag,  vol,  Ixvi.  p.  130. 


Fig.  1 8a 
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',  the  apparent  density  in  the  teeth  can  be  expressed  by 
D     _  Total  flux  per  tooth  _  Iron  flux  +  air  flux 
**'     Iron  section  per  tooth         Iron  section 
Iron  flux  Air  flux        Air  sectio'h 


Iron  section    Aii  section 
Air  section 


Where,  for  the  section  di, 

B™^- Actual  or  real  density  in  the  teeth  at  this  section, 
and  H,^=  Actual  density  in  air  at  this  section. 
Now,  if /denote  the  width  of  tooth  at  depth  A  from  circumference,  s  the 
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corresponding  width  of  slot,  and  ijthe  ratio  ofnelt  length  ofiron  to  gross 
length  of  core, — i.e.  7  =  f^>  then. 

Iron  section  per  tooth  =  t.  L,  =  / .  q .  L^ 

and  the  air  section  per  tooth  =  j .  L,  + 1'(  i  -  i})L, 


slots        ducts  and 
insulalion 
The  apparent  induction  in  the  teeth  can  therefore  be  written 

L,{£+/(I-,)} 

'  +  ('-1)1 


B„;.,  =  B„„,  +  H^ 


f    +(.-1)1 


izcJbyGoOglC 


ALTERNATORS 


»3S 


The  value  of  at,  corresponding  to  any  given  induction  B„,  can  be 
obtained  from  the  magnetisation  curve  for annature  iron  (Fig,  iSin);  and 
hence,  for  any  given  values  of  17  and  s\t  there  can  be  calculated  the  corre- 
sponding value  of  B^jH  In  Figure  iSia  the  true  iron  induction  has,  for 
four  values  of  the  ratio  j// and  a  value  of  >;  — 0.75,  been  plotted  as  a  func- 
tion of  the  apparent  induction,  the  latter  being  expressed  by  the  equation 

'-  .  '  ■  b, 
In  order  to  obtain   the  ampere-turns  for  the  teeth,  the  apparent 


B„, 


__  __     ^^^ 

4?^ 

^°         A^~X^ 

I.         Zl/ 

t              -y 

^„            Z 

1           ' 

"  2 

r 

"7 

induction  at  the  top,  middle,  and  roots  of  teeth  arc  calculated  from 
the  equations 


b;.„ 


B„u- 


*, .'/ 


From  Figure  181A  there  are  found  the  corresponding  values  of  the 
real  induction,  and  hence  the  ampfere-tums  fl/™«  af^^  and  al„t^. 
The  toUl  ampfere-turns  for  the  teeth  are  then,  according  to  Simpson's 
rule,  expressed  by 

AT,-L^'"-  +  ^''^~'*"'™) 

Air-gap- — Consider,  in  the  first  instance,  a  smooth-core  armature 
— i.e.  one  with  totally  enclosed  slots ;  then  the  tines  of  force,  in  passing 
from  pole  face  to  armature  core,  tend  to  spread  out  as  much  as 
possible,  so  as  to  make  the  reluctance  of  the  air-gap  a  minimum.     If 
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the  induction  in  the  ait-gap  be  plotted  as  a  function  of  (i)  armature 
periphery  and  (3)'the  axial  length  of  armature  core,  then  the  curves 
shown  in  Figures  182  and  183  are  obtained.  Since  the  pole  shoes 
are  invariably  bevelled  the  former  curve  will  approximate  to  a  sine 
wave,  whereas  the  latter  will  be  almost  flat,  with  several  hollows 
corresponding  to  the  number  of  air-ducts  in  the  core.  Suppose  that 
the  air-gap  area  between  the  pole  and  armature  surfaces  be  divided 
into  a  number  of  tubes  (Fig.  182),  then,  since  the  same  M.M.F.  is  im- 
pressed upon  each  tube,  the  number  of  lines  through  any  tube  will  depend 
upon  its  permeance.  In  order  to  calculate  the  air-gap  flux  it  is  therefore 
necessary  to  obtain  the  sum  of  the  permeance  for  all  flux  tubes  between 
two  neutral  zones.  A  simpler  method 
of  calculation  is  to  reduce  all  flux 
tubes  to  the  same  length  S,  i.e.  multi- 


ply the  cross-section  of  each  tube  by     ,  where  8,  is  the  real  length  of 

tube.     Since,  in  all  equivalent  tubes,  the  induction  B,  is  constant  and 

equal  to  that  under  the  centre  of  the  pole  shoe,  the  original  curve  of 
flux  distribution  can  be  replaced  by  a  rectangle  of  the  same  area  and 
height  =  B^  The  length  i,  of  this  rectangle  will  be  referred  to  as  the 
ideal  pole  breadth.  In  a  similar  manner  the  irregular  curve  of  Figure 
183  can  be  replaced  by  an  equivalent  rectangle  of  height  B^.  and 
length  4  the  latter  being  termed  the  ideal  length.  The  flux  per  pole 
can  now  be  expressed  in  terms  of  <^,  and  /,,  thus 
B^. .  ^, .  /,  =  *„ 


Hence,  with  a  smooth-core  armature  the  ampi;re-turns  for  the  air- 
gap  are  per  pair  of  poles 

AT,.=  o,8.2SB,-.i.6fiB, 
In  armatures  with  semi-closed  or  open  slots  the  presence  of  the 
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teeth  disturbs  the  uniformity  of  the  flux  distTibution,  causing  a  crowd- 
ing of  the  lines  of  force  into  the  regions  of  the  polar  surface  which  are 
opposite  the  teeth,  and  thereby  increasing  the  fall  of  m^netic  potential 
over  the  air-gap  above  the  value  which  it  would  have  if  the  core  were 
smooth  and  the  flux  distribution  uniform.  The  value  of  AT_j  as  given 
by  the  above  equation  will  therefore  be  too  small  for  an  open-slot 
armature,  the  number  of  amp&re-turns  necessary  to  send  the  flux 
through  the  gap  being  determined  by  the  maximum  flux  density  under 
the  teeth.  The  average  flux  density  is,  however,  smaller  than  the 
maximum  value,  and  the  ratio  of  the  maximum  density  to  the  mean 
density  is  the  ratio  of  the  number  of  amp^re-tums  necessary  to  send 
the  flux  through  the  air-gap  with  a  slotted  armature,  to  the  number  of 
amp^re-tums  necessary  to  send  the  same  flux  through  the  same  air-gap 
with  a  smooth  armature. 

Denoting  this  ratio  or  correction  coefficient  by  ig,  the  equation  to 
the  air-gap  amptre-tums  for  an  open  slot  armature  is 


AT,.=  r.fiAj.  S.  B,  =  i.6ia.  S.  ^■- 


(S6) 


Calculation  of  kg- — The  coefficient  k^  also  represents  the  ratio 


'r^}^ 


Fig.  1S4. 


of  the  permeability  of  the  air-gap  of  a  smooth-core  armature  to  that 
of  a  slotted  armature,  and  may  be  determined  mathematically  as 
follows.  Referring  to  Figure  184,  it  will  be  assumed  that  the  lines 
of  force  passing  from  pole  face  to  crowns  of  the  teeth  are  straight, 
and  that  those  lines  which  fall  outside  the  space  immediately  above 
a  tooth  consist  partly  of  quadrants  of  circles  whose  common  centre 
is  at  the  edge  of  the  tooth.  For  one  tooth  pitch  and  i  cm.  length 
of  tooth  measured  in  a  direction  parallel  to  the  shaft  the  permeance 
of  air-gap  is 


■>.f 


*'°^(j 


Since  the  corresponding  permeance  for  a  smooth-core  armature  is 


ijS  ALTERNATING  CURRENT  MACHINERY 

— g-^,  it  follows  that  the  correction  coefficietit  is  expressed  by 
'  +  ', 


{^^°^(^^■)} 


..981.g(^.|+.) 


■<,+]a 


where  the  factor  X  =  3.9  log  (-  .  = 
^4     " 


(1 4-) 


An  inspection  of  the  stream  line  diagrams  o(  Figure  178  will  show 
that  the  lines  of  force  which  enter  a  tooth  by  way  of  adjacent  slots 
extend  farther  down  on  the  tooth  than  has  been  assumed  in  deriving 
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— Ait-gap  correction  coefficient  ^a-p; 


the  mathematical  equation.  The  fringing  permeance  will  therefore  be 
slightly  greater  than  that  given  by  the  above  integration,  with  the 
result  that  the  value  of  k^  will  be  somewhat  too  great.  Again,  the 
permeance  of  the  teeth  has  been  taken  as  infinite  in  comparison  with 
the  air-gap  and  slots,  but  the  effect  of  tooth  saturation  will  be  to 
squeeze  more  lines  out  into  the  slot  and  so  further  reduce  the  amount 
of  correction  necessary.    The  value  of  this  factor  X,  as  given  by  X  — 

'■9  '°S  (^'  6+  ')>  "'"  therefore  be  too  small,  so  that  its  actual  value 

must  be  determined  experimentally.  In  this  connection  the  stream 
line  digrams  of  Figure  178  are  of  special  interest,  as  they  offer  a  simple 
method  of  determining  the  numerical  values  of  the  factor  X  for  various 
cases.  The  correction  coefficient  k^  is  first  derived  by  measuring  the 
number  of  stream  lines  per  unit  of  length  in  the  space  well  under  cover 
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of  a  tooth,  and  dividing  this  by  the  mean  number  of  stream  lines  per 
unit  of  length  for  tooth  and  slot.     All  the  factors,  except  X,  in  the 

expression  k^  =  --— y'j  are  thus  known,  and  hence  the  value  of  X  can  be 

determined. 

The  reluctance  of  the  air-gap  in  dynamo  machines  with  slotted 
armatures  has  recently  been  investigated  experimentally  by  Thomas  F, 
Wall,*  the  lield  in  the  air-gap  between  the  pole  face  and  the  armature 
core  being  explored  by  a  narrow  search  coil.  The  values  of  X  as 
deduced  from  the  experiments  of  Wall  have  been  plotted  as  the  full 
line  curve  of  Figure  185,  the  abscissae  giving  the  values  j/8.  In  order 
to  effect  a  comparison  there  is  also  plotted  to  the  same  reference  axis 
the  corresponding  values  of  X  as  obtained  from  the  above  theoretical 
formula. 

Calculatioo  of  b^ — Since  the  pole  shoes  of  an  alternator  are 
usually  bevelled,  the  radial  depth  of  air-gap  will  not  be  uniform  under 
the  pole  face.  Hence,  in  order  to  arrive  at  tbe  value  of  bt,  the  flux 
lines  between  pole  face  and  armature  core  must  be  drawn  out  as  shown 
in  Figure  182,  it  being  assumed  that  tbe  surface  of  the  core  is  smooth. 
Let  /j^  denote  the  mean  breadth  and  fi.  the  mean  length  of  anjr  flux 

tube,  then  the  permeance  of  a  tube  of  width  'i=-V-^-    The  M.M.F. 

acting  on  tbe  tubes  under  the  pole  face  where  tbe  gap  is  uniform  is 
less  than  that  acting  upon  tbe  tubes  at  the  tips  of  the  poles  where  the 
flux  density  in  tbe  teeth  and  armature  core,  and  therefore  the  reluct- 
ance, is  low.  The  M.M.F.  acting  upon  the  tubes  at  the  fringe  will 
therefore  be  approximately  -  \  o.4Tr.(  AT^.-f  AT,  -f  AT.),  whilst  that  acting 
upon  the  tubes  under  the  pole  face  will  be  =  io.4  ir.  AT^sA^.S.B^ 
where  i.6iig.S.B,  has  been  substituted  for  AT^. 

Let  b  =  length  of  polar  arc  under  which  the  air-gap  is  uniform.  The 
flux  under  this  arc  will  be  =  B^/,.  i. 

The  M.M.F.  acting  on  the  tubes  at  the  fringe  will  be 

/AT^kATVkATa 


=  lo.4T.AT^-^ 


=  K .  *j .  6 .  B„      where  K  =  i  -1- " 
The  flux  per  tube  =  M.M.F.  x  permeance 


=  KVB...- 
The  total  flux  at  both  fringes  of  pole 

=  2lU3S.B^,.2^ 
*  Jeum.  nflke  1ml.  a/  Elal.  Eitginetn  (1908),  vol.  xl.  p.  5 
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Total  air-gap  of  flux 

=  B/^^  +  28K*3.5|i) 
=  B/<5, 
Hence,  ^,=i+28Kij.2^^ 

With  a  ratio  of  pole  arc  to  pole  pitch  9:0.65,  ^^^^  P<3lc  shoe  of  the 
proportions  shown  in  Figure  138,  a  very  close  approximalion  to  a  sine 
wave  of  flux  distribution  is  obtained. 

For  such  a  design  the  ideal  pole  breadth,  corresponding  to  a  uni- 
form air-gap  of  length  ^  is  approximately  equal  to  the  breadth  of  the 
pole  shoe  b ;  i.e. 

In  turbo-alternators  with  cylindrical  rotors  the  ideal  pole  breadth 
will  approximate  to  bi  ^  0.65  r. 

Calculation  of  I,.— If  /  (Figure  183)  denote  the  length  of  core 
between  adjacent  ducts,  then  the  ideal  length  /Js  obtained  by  addii^  to 
the  iron  length  4  /,  a  certain  allowance  for  spreading  at  the  air-ducts 
and  outer  flanks  of  the  pole  shoes.  The  influence  of  the  ducts  is 
determined  in  a  similar  manner  to  that  already  explained  in  connection 
with  the  slot  fringing.  If  the  number  of  ducts  be  denoted  by  nj,  then 
the  width  of  each  duct  is 

„.-L,-(..+  .y 

and  if  In  is  the  length  which  must  be  added  to  allow  for  spreading  at 
the  flanks  of  the  pole  shoes  the  total  permeance  is 

the  value  of  X'  being  obtained  from  the  full  line  curve  of  Figure  185. 
The  spreading  of  the  lines  of  force  at  the  air-^ucts  is  therefore  equivalent 
to  increasing  the  length  of  the  core  from  («^-(-i)/to  (»»j-H)/-f  njX'& 
If  the  height  of  the  pole  shoe  be  denoted  by  h„  then  the  permeance 
of  the  path  taken  by  the  flux  spreading  out  from  the  flanks  is 

Hence,  /,  =  1.46  8  log  ("*'  "^  ^) 
and/,=(n,,-ny-f»„X'5.fi.46  81og(^^^)  .     .    .    .    (57) 
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Owing  to  the  eddy  currents  induced  in  the  end-flanges  damping  out 
the  fluxes  at  the  flanks,  the  ideal  armature  length  as  thus  calculated 
will  be  somewhat  too  large.  The  effect  of  the  damping  will,  however, 
be  neglected.  In  order  to  eliminate  this  eddy  current  loss  as  much 
as  possible,  the  lei^th  of  the  armature  core  is  in  some  designs  made 


Fic.  iS6a. — Magnetic  circuil  or6oo-K.V.A,  allemalur. 
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somewhat  greater  than  the  width  of  the  poles.  If  a  denote  the  distance 
by  which  the  armature  core  extends  on  each  side  beyond  the  flanks  of 
the  pole  shoe?,  then 


/,-(«j+i)/+«jX'8+a.95 
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Pole  Core  and  Yoke.— Let  v  denote  the  leakage  factor  of  the 
machine,  then  the  flux  densities  in  the  pole  core  and  yoke  are 

B,  =  %?,andB,  =  ^ 
'A,  'A, 

Now,  if  atf  and  a/,  denote  the  corresponding  values  of  the  ampere' 

turns  per  cm.  of  length  as  obtained  from  Figure  1 76,  then 

AT,-a/j..L, 

and  AT,  =  a/,.  L, 

The  length  L^  for  the  pole  core  also  includes  the  length  of  the  shoe. 
In  most  cases  the  pole  shoe  density  will  be  much  lower  than  that  of 
the  pole  core,  but  the  error  involved  in  assuming  both  parts  to  be 
worked  at  the  same  density  will  be  exceedii^ly  smalL 

Example — In  Figure  186  is  given  a  dimensioned  drawing  of  the 
magnetic  circuit  of  a  Goo-K.V.A.  50  ~',  j-phase  alternator  having  14 
poles.  If  the  flux  per  pole  at  full-load  and  0.8  power  factor  be  4.9  x 
10*  lines,  calculate  the  amp^re-tums  to  drive  the  flux  through  the 
magnetic  circuit,  assuming  a  leakage  factor  fr=  1.35. 
Armature  Core— 

Nett  length  of  iron  in  core"L„=  {33-(4x  i.5)}o.9-24  cms. 

_l:9iL^°._  =  7ooo.  ■ 
2x24x15 
Mean  length  of  path  =  L,  =  32. 

From  Figure  176  ampfere-tums  per  cm.  of  length  =  ». 5. 
Amp^re-tums  for  core  =  AT,  —32  x  2.5  "80. 

Armature  teeth- 
Breadth  across  pole  tips = ^  -  1 8. 5  cms. 
Ideal  pole  breadth  =  *i  =  i=i8.5  cms.  (ui'i^  page  240), 
The  apparent  density,  real  density,  and  amp^re-tums  per  cm.  for 

top,  middle,  and  root  of  teeth  are  obtained  thus :— 


B™;, 

Ampere-turns  per  Cm. 
from  Figure  176. 

17,600 
16,000 

to 
SO 

3P 

__          

"■■"-24x3.«x>8.5     '^-5°"  ■        ■        ■ 

Length  of  teeth  per  pair  of  poles  =  L,=  2  X4.5  =  9  cms. 
Hence  ampfere-turns  for  teeth 

-At-?(8oJ:zoo+.?^ 
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Air-gap- 
Width  of  duct      w     1.5 
Difffiofari.p"8"5:6i-=-3i  "'-"X  -1.6.     (Figure  .85) 

Ideal  pole  length. /,=(>.^+iX+/.^'8+ 1.46  8  log(-"j**) 

=  S  X  S.4  +  4  >:  1-6  X  .6S  +  "-46  X  0.65  X  log('-  \*°^^^) 

Fluxde.,i.,  =  B,.J.-J^9Jii|;  =  8S- 

Widthofslot    ^s _  1.8  _^^g 
Depth  of  air^ap    S    0.65 
From  Figure  185,  X=i.8. 

Air-gap  correction  coefficient  =  ia=        ,1  =  - -''   "'"3°       =1,1*. 
^  *^  '    /i  +  XS    3.0+1.8x0.65         ^ 

Radial  depth  or  air-gap^  8  =  0.65  cm. 
Ampfere-tnnis  for  air-gap 

=  AT,»i.6A,.  8.  B,=  1.6x1.14x0.65  X 8500  =10,000. 

Pole  Core  (cast  steel)— 

Allowing  5  per  cent,  for  insulation  between  stampings,  the  sectional 

area  of  pole  core  =  A^  =  12.5  x  33x0.95  =400  cms.' 
Length  of  poles  {including  shoes)  =  Ly  =  a  x  33  =  46  cms. 

Flux  density  in  core  =  B,=-'?  =  ±2JLi5liLl-'5 
A^  400 

=  15,000  lines  per  cm.* 
From  Figure  176,  amp^re-tums  per  cm.  =  16. 
Ampfere-tums  for  pole  core  and  shoe=  16x46  =  750. 

M^net  Yoke  (cast  steel)— 

Cross-sectional  area  =  Aj  — 40X  10  =  400  cms,' 
Lei^h  of  magnetic  path=  L,=  sa  cms. 

Rux  density  in  core«Bj,  =  '*'^-'^'^-.^^-*^-  =  76oo. 

From  Figure  176,  ampere-turns  per  cm.";. 
Ampfere-turns  for  magnet  yoke  =  7  x22  =  i5o. 

Total  Amp&re-tums  per  Pair  of  Poles — 

=  8o-(-470-Ho,ooo-t-7So-H5o=ii,45o=ii.5oo. 

Ampire-turos  per  Pole  =  575o. 

r=   izcJbyGoOglC 
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Calculation  of  the  Leakage  Coefficient  a 
On  page   139  it  was  shown  that  the  leakage  coefficient  of  an 
alternator  can  be  expressed  by 

*.  +  */  *, 

where  4^  and  ^,  denote  the  useful  Sux  and  leakage  Aux  respectively. 
The  value  of  the  latter  can  be  determined  from  the  equation. 
Number  of  lines  of  force  =  M.M.F.  x  permeance 

=  —  amp^re-tums  x  permeance. 

In  calculating  the  permeance  of  the  leakage  paths,  the  tubes  of 
force  are  assumed  to  follow  certain  directions  in  the  air  according  to 
the  situation,  and  distances  apart,  of  the  surfaces  from  which  leakage 
takes  place.  Since  the  combined  permeance  is  due  to  several  paths 
in  parallel,  the  most  convenient  method  of  dealing  with  the  problem 
is  to  consider  the  leakage  of  each  path  separately  and  obtain  the 
total  leakage  by  adding  together  the  individual  leakages.     Now, 


Reluctance     / 

a'  p. 
where, 

a -area  of  cross-section  of  path  in  cms.^ 
/~  length  of  path  in  cms., 
/*,  =  permeability ; 
and  since  the  leakage  flux  is  entirely  through  air, 

area  of  cross-section 


length 

Case  I. — The  method  of  determining  the  leakage  factor  o-  will  first 
be  investigated  for  a  revolving  field  alternator  in  which  the  poles  are 
inclined  to  one  another  at  a  very  small  angle.  (See  Figure  187.) 
The  poles  are  of  rectangular  cross-section,  and  the  symbols  representing 
the  various  dimensions  are  as  indicated  in  the  figure.  For  the  case 
under  consideration  the  leakage  flux  Ji>r  one  inferpolar  gap  may  be 
treated  as  made  up  of  four  parts,  as  follows : — 

(i)  The  leakage  <!>„  between  inner  planes  of  pole  shoes. 

(1)  The  leakage  $^  between  flanks  of  pole  shoes. 

(3)  The  leakage  *,i  between  inside  planes  of  pole  cores. 

(4)  The  leakage  4^  between  flanks  of  pole  cores. 

Since  AT^  AT,,  and  AT.  denote  the  amp^re-tums  for  the  air- 
gap,  teeth,  and  armature  core  per  pair  of  poles,  the  magnetomotive 
force  between  adjacent  pole  shoes  is 

o.4tCAT,-|-AT,  +  AT.)  =  o.4t  AT,=  i.2S  AT, 


^jQOglc 


the  interpolar  gap  a 
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If  it  be  assumed  that  the  lines  of  force  in 
straight,  then 

•••„=..2SAT,.%A' 


In  the  case  of  the  leakage  from  the  flanks  of  the  pole  shoe,  it  will 
be  convenient  to  assume  that  the  length  of  each  line  of  force  is  made 
up  of  two  quadrants  of  radius  x  and  a  straight  portion  of  length  ^i-  The 
leakage  flux  between  the  flanks  of  adjacent  pole  shoes  is  therefore 


4  irAT,  ^  ■  *<*  - 

=  ..8..AT,.A..Iog(.  +  ^) 
I  is  introduced  to  allow  for  leakage  from  both  flanks. 


In  calculating  the  number  of  leakage  lines  between  the  pole  core 
surfaces,  it  will  be  assumed  that  the  magnetic  potential  of  the  magnet 
ring  is  zero,  and  that  the  M.M.F.  along  the  pole  increases  from  a 
value  =  o  at  the  magnet  ring  to  a  value  =  0.4  n-AT;.  The  leakage 
fluxes  from  the  pole  core  surfaces  can  be  expressed  thus — 
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■  f^t+K 


..SAT,.i 


(to) 


-o.„AT,.*,.,og(.+^;«.^_)} 

Since  the  aboTC  equations   for  *j„   *^   *ci>  and  *^  give  the 
leakage  flux  for  one  interpolar  gap  only,  the  total  leakage  flux  ^^ 
corresponding  to  a  flux  *,  per  pole  through  the  armature,  will  be 
*,  =  »  (*^  +  *^  +  *,i  +  *q) 
The  leakage  factor  o-  is  therefore  given  by  the  equations 
,.,+*'_,+^T,.=i_,^.(ATV  +  AT,tATUii  .  .  .  (5,) 

where 

In  machines  with  circular  pole  cores  the  formula  for  the  exact 
calculation  of  the  leakage  fluxes  *fi  and  *tj  would  be  somewhat  more 
involved  than  that  for  rectangular  poles.  The  value  of  a  can, 
however,  be  determined  with  sufliicient  accuracy  if  it  be  assumed  that 
the  circular  poles  are  replaced  by  square  poles  of  the  same  cross- 
sectional  area.  If  d^  denote  the  diameter  of  the  round  pole  and  /,  the 
length  per  side  of  the  equivalent  square  pole,  then  /c  =  o-S9  ^c- 

Case  2. — The  above  method  of  determining  o-  is  only  applicable 
to  alternators  having  a  large  number  of  poles  inclined  to  one  another 
at  a  very  small  angle.  In  machines  with  few  poles, — e.g.  turbo- 
alternators — the  angle  of  inclination  between  the  poles  will  be  large, 
so  that  the  value  of  the  leakage  fluxes  must  be  deduced  by  some  other 
method.  The  best  procedure,  when  such  cases  arise,  is  to  draw  out 
the  probable  paths  taken  by  the  tubes  of  force,  and  estimate  from  the 
drawing  the  permeance  of  the  various  paths. 

In  drawing  out  the  tubes  of  force  it  is  a  considerable  help  to 
remember  that  those  tubes  for  which  the  path  -^  is  greater  than  -5 

pass  directly  into  the  yoke,  as  shown  in  Figure  i88a. 

This  is  also  the  case  on  the  flanks  of  the  poles,  as  here  the  flux 
not  only  leaks  from  pole  to  pole  but  also  from  pole  to  yoke. 

In  the  field  system  outlined  in  Figure  i88a  the  leakage  flux  for 
each  interpolar  space  may  be  split  up  into  six  component  parts  as 
follows:  (i)  Leakage  *„  between  inner  planes  of  pole  shoes;  (a) 
leakage  «^  between  flanks  of  pole  shoes;  (3)  leakage  4,1  between 
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planes  of  pole  cores ;  (4)  leakage  <P^  between  flanks  of  pole  cores ; 
(S)  leakage  *,i  between  yoke  and  inner  planes  of  pole  cores;  (6) 
leakage  4>^  between  yoke  and  flanks  of  pole  cores.  Adopting  the 
notation  shown  in  the  figure,  the  equations  foi  fiuxes  d>,^,  #^,  ^^,,  and 
•^  are  as  follows ; — 

4„.I.SSAT,.  '^-."1 


»,.i.8!  AT,.i,.log(i+J^') 
*„  =  ,.ssAT,.*..t^l. 
t,=  ..8,AT,.i.a,.log(,  +  ;^) 
The  number  of  leakage  lines  passing  from  the  inside  planes  of 


the  pole  core  into  the  yoke  can  be  approximately  determined  by 

dividing  the  path  taken  by  the  flux  into  two  or 

thiee  tubes  and  adding  tc^ether  the  permeances 

obtained  from  the  mean  cross-section  and  length 

of  each  tube.     If  the  permeance  of  this  part  of 

the  leakage  path  be  denoted  by  2-^,  then  the 

corresponding  value  of  the  leakage  flux  will  be 


¥ 


*,i  =  r.is  ATy.S: 


Fig.  iSSb. 


In  calculating  the  remaining  portion  of  the 
leakage — i.e.  ^yp  the  area  of  the  pole  flank  will  be  regarded  as  repeated 
on  the  end  of  the  magnet  ring,  which  latter  will,  of  course,  project 
some  distance  beyond  the  pole.      Since  the  permeance  of  a  small 
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strip  of  air  of  width  i/x(Fig.  iSSb),  and  stretching  across  one-half  the  pole 

face=  —  .  —  .  — ,  and  the  M.M.F.  acting  on  the  strips  \.z%  AT'  ^", 

the  lealmge  flux  *,j  can  be  expressed  by  the  equation 

^  ..,,        h,        i8o  /•-"'*>    , 

2  nh,       a  J  ,_, 

s'O.i  AT,.  ,'-  .  i-?  .A, 
where  a  — 00°  +  sin-'— ^  ' — - 

The  equation  to  the  leakage  factor  for  the  field  system  shown  in 
Figure  i8Sa  can  now  be  written  as 

-,4.(^T..4-AT,+  AT,)  zA 


where     .  _  ,  _,  a,l. 


„li+..8.^,log(,+J^) 

..,{,..5 ;;.....  log  (,.-;)} 


+'■'5^  i/->i;+°''A/-r-'*^   ■  ■  ■  •  t^'> 

Value  of  ff. — Since  the  leakage  permeance  is  due  to  the  air 
spaces  between  adjacent  pole.s,  its  value  will  be  approximately 
constant.  The  magnitude  of  the  leakage  flux  will  therefore  vary  in 
direct  proportion  to  AT/.  Now,  in  order  to  compensate  for  the  volt^e . 
drop  in  the  windings,  the  flux  *.  through  the  core  of  the  armature 
must  be  augmented  as  the  load  comes  on  the  machine.  An  increased 
flux  through  the  armature  means  an  increase  in  the  ampere-turns  AT„ 
and  a  corresponding  increase  in  the  leakage  flux  *;,  But  the  latter  in- 
creases faster  than  4>a,  for  as  the  teeth  become  more  and  more  saturated 
the  same  increase  in  the  amp^re-tums  expended  over  the  armature  will 
produce  less  and  less  increase  of  4>a,  whereas  the  leakage  flux  continues 
to  increase  almost  directly  as  the  ampfere-tums  AT,.  The  value  of  the 
leakage  factor  u-  will  therefore  be  greater  at  full-load  than  at  no-load. 

For  alternators  with  rectangular  pole  cores,  having  an  axial  length 
not  exceeding  twice  the  breadth,  the  full-load  value  of  t  ranges 
from  1.15  in  large  machines  to  1.25  in  machines  of  about  100 
K  V.A.  If  the  pole  height  exceed  lo  centimetres  or  thereabouts, 
and  the  axial  length  be  greater  than  that  mentioned  above,  then  the 
value  of  (T  might  be  as  high  as  1.3.  Since  the  exact  calculation  of 
the  leakage  factor  can  only  be  made  after  the  machine  dimensions 
are  finally  fixed,  an  assumed  value  of  tr  must  be  taken,  in  order  to 
determine  a  trial  value  of  either  the  cross-section  of  the  pole  or 
magnetic  flux  per  pole.  On  page  401  the  full-load  value  of  <r  has  been 
tabulated  for  five  alternators  of  various  outputs,  and  when  getting  out 
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n  new  design  these  values  should  be  a  help   in   obtaining  a  first 
approximation  to  the  leakage  factor. 

Example. — Figure  189  gives  a  dimensioned  drawing  of  a  600 
K.V.A.,  24-pole,  3-phase  alternator.  From  the  following  data  it  is 
proposed  to  calculate  the  leakage  factor  a  at  full-load. 

Full-load  flux —  *,  =  4.9  X  10'  lines. 

Ampfere-turns  for  air-gap  =  AT,=  loooo. 

Ampere-turns  for  teeth  — AT,  =  4  70. 

Ampfere-turns  for  armature  core  =  AT^  =  80. 
Since  the  angle  of  inclination   between  the  poles  is  small,  the 


value  of  the  leakage  factor  may  be  calculated  as  foi  Case  i.    From 

the  drawir^  there  is  obtained  the  following  dimenEions ; — 

/;,  =  3  cms.  At  =  20  cms. 

/,  =  33  cms.  '.  =  33  cms. 

^,=  18.5  cms,  l>,=  i2.$  cms. 

^,  =  9.5  cms.  ^g  =  i4cma.  i^=iocms. 

I  95  ^        2i9S'J 

+  >i>fi»S><-  '-3— +  o-9>l0E  (■  +  "'"')) -■'■5  +  4" -S8-5 
\  14-1-10  "■        r4-hio'j 

T     ,         <■    .                .  (AT„-t-AT,-(-AT,)2A 
Leakage  factor  <r=  •  +  -  -"— — ^ —^ 

4.9  X  io« 


CHAPTER   VIII 

ALTERNATORS  t— THEORY  AND  CALCULATION  OF  ARMA- 
TURE REACTION  AND  REGULATION 

When  an  alternator  supplies  current  to  an  inductive  load  the  terminal 
pressure  is,  for  the  same  speed  and  excitation,  less  than  the  E.M.F, 
on  open  circuit,  the  fall  in  terminal  pressure  being  attributable  to 

(i)  Volts  lost  in  armature  resistance,  and  the  screening  effect  of 
eddy  currents  induced  by  the  armature  flux. 

(z)  Volts  drop  due  to  the  inductance  of  the  armature  winding. 

(3)  Weakening  of  main  field  by  the  demagnetising  action  of  a  lagging 
armature  current 

The  drop  in  voltage  resulting  from  the  latter  is,  as  will  be  after- 
wards explained,  proportional  to  sin  ^j,  where  ^j  is  the  phase  angle 
between  the  current  and  the  induced  E.M.F.  The  excitation  necessary 
to  maintain  the  normal  tenninal  pressure  therefore  varies  for  the  same 
armature  current,  according  to  the  power  factor  of  the  load.  For  a 
loaded  alternator  the  curve  showing  the  variation  of  terminal  pressure 
with  excitation  is  termed  the  load  characteristic,  or  load  saturation 
curve,  corresponding  to  a  given  armature  current  and  power  factor.  In 
Figure  175,  page  227,  the  saturation  curves  are  also  plotted  for  full-load 
current  at  the  following  power  factors:  cos  ^  =  r,  cos  ^  =  0.80,  and 
cos  ^^o.  Each  of  the  load  curves  crosses  the  abscissa  reference 
axis  at  the  same  point  Cj,  and  the  value  of  the  excitation  at  this  point 
is  the  ampfere-tums  required  to  send  full-load  current  through  the 
armature  when  short-circuited.  The  importance  of  the  load  curves  is 
that  they  indicate  (t )  the  point  at  which  the  machine  is  normally  excited, 
and  (2)  the  change  in  tenninal  pressure  which  occurs  when  full-load 
current  is  thrown  on  or  off. 

Regulation- — In  the  majority  of  alternating  current  supply  systems 
the  generators  have  to  supply  power  at  approximately  constant  tenninal 
pressure,  the  load  on  the  machines  varying  considerably  in  magnitude 
and  power  factor.  The  excellence  of  an  alternator  therefore  largely 
depends  upon  the  degree  to  which  it  regulates  for  constant  terminal 
voltage.  Should  the  drop  in  terminal  voltage  between  no-load  and  full- 
load  exceed  a  certain  amount,  fixed  according  to  the  work  for  which  the 
alternator  is  designed,  the  output  will  have  exceeded  the  limit  set  by 
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armature  reaction,  even  although  the  heating  may  be  within  the 
permissible  limit.  The  output  of  an  alternator  is  thus  limited  by 
temperature  rise  and  armature  reaction.  The  same  considerations 
limit  the  output  of  direct-current  generators,  the  only  difference  between 
the  two  cases  being  that  the  limit  set  by  armature  reaction  in  an 
alternator  does  not  arise  from  the  question  of  commutation,  but  from 
the  point  of  view  of  regulation.  The  problem  of  alternator  regulation 
is  complicated  by  the  fact  that  the  reactions  talcing  place  are  not 
determined  by  the  output  of  the  machine  alone,  but  also  by  the  phase 
relation  of  the  current  and  voltage,  and  the  saturation  of  the  magnetic 
circuit. 

The  pressure  regulation  of  an  alternator  may  be  specified  by  either 
of  the  following  methods ; — 

(i)  The  percentage  drop  in  terminal  voltage  between  no-load  and 
fulMoad;  or 

(3)  The  percentage  rise  in  terminal  voltage  when  full-load  is  switched 
off. 

In  both  cases  the  exciting  current  and  speed  are  supposed  to 
remain  constant  while  the  load  is  switched  on  or  off.  Owing  to  the 
greater  degree  of  saturation,  the  second  definition  gives  a  somewhat 
better  r^ulatlon  than  the  first.  The  change  in  pressure  depends 
greatly  on  the  power  factor  of  the  load, — the  smaller  the  power  factor 
the  greater  will  be  the  change  in  voltage.  For  lighting  distribution  with 
■  fully  loaded  transformers,  ^  -  the  angle  of  lag  of  the  current — will  be 
about  10  degrees ;  hence  the  power  factor  cos  ^  is  approximately  unity. 
For  power  distribution  with  fully  loaded  induction  motors,  ^  has  an 
average  value  of  about  35  degrees ;  this  corresponds  to  a  power  factor  of 
0.85,  In  ordinary  use,  however,  the  motors  of  an  installation  will  seldom 
be  all  fully  loaded,  and  the  average  power  factor  may  for  long  periods  not 
exceed  about  0,7.  The  regulation  is  therefore  generally  specified  for 
(i)  full-load  at  unity  power  factor,  and  (i)  full-load  at  0.85  or  0.8  power 
factor.  The  two  values  are  termed  respectively  the  "  inherent  regulation 
at  unity  power  factor"  and  "the  inherent  regulation  at  0.85  or  0.8 
power  factor."  The  full-load  current  at  other  than  unity  power  factor 
is  to  be  taken  as  the  value  corresponding  to  unity  power  factor,  i.e. 
the  kilo  volt-amperes  (K.V.A.),  and  not  the  kilowatts,  is  the  basis  on 
which  alternators  are  rated.  The  usual  values  of  inherent  regulation 
range  from  4.0  to  6.0  per  cent  for  unity  power  factor,  and  from  15 
per  cent,  to  20  per  cent,  for  power  factors  between  0.85  and  0.8. 

The  methods  of  estimating  the  various  reactions  which  affect  the 
regulation  of  an  alternator  will  now  be  discussed.  That  component 
of  the  volt^e  drop  resulting  from  the  resistances  of  the  stator  winding 
and  the  effects  of  eddy  currents  induced  in  the  conductors  is  given  by 
the  equation 

e.  =  \,r,  volts  per  phase 
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where  I.  is  the  armature  current  per  phase  and  r.  (see  equation  ii 
page  102)  is  the  effective  resistance  per  phase. 

Induction  of  an  Alternator  Armattire.— When  an  alternator 
is  loaded  the  magnetomotive  force  due  to  current  in  the  armature 
winding  sets  up  a  Sux  the  greater  part  of  which  traverses  the  main 
magnetic  circuit,  causing  an  alteration  in  (i)  the  total  number  of 
lines  entering  the  armature,  and  (2)  the  distribution  of  the  main  flux 
over  the  pole  face.  This  part  of  the  reaction  is  known  as  the  demag- 
netisii^  and  distorting  M.M.F.  of  the  armature,  and  its  effect  upon  the 
r^ulation  is  treated  in  a  succeeding  section  of  this  chapter.  The  other 
portion  of  the  armature  flux  becomes  linked  with  the  active  conductors 
and  end-connections  without  passing  through  the  main  magnetic  circuit. 
Strictly  speaking,  this  local  flux,  except  that  portion  linked  with  the 
end-connections  and  those  conductors  which  lie  between  the  poles,  does 
not  exist  separately  in  closed  drcles,  but  shows  itself  in  a  distortion 
of  the  main  flux,  which,  however,  is  only  local  and  does  not  extend 
over  the  pole  face.  This  second  portion  of  the  armature  flux  may  be 
regarded  as  independent  of  the  position  of  the  coils  relatively  to  the 
poles,  and  will  therefore  have  an  approximately  constant  value,  whatever 
the  position  of  the  poles. 

Since  the  armature  current  is  alternating,  the  local  or  leakage  flux, 
which  does  not  become  linked  with  the  main  field,  will  be  continually 
altering  in  magnitude  and  direction,  so  that  there  is  set  up  a  self- 
induced  E.M.F.  proportional  to  the  leakage  flux  of  each  phase  and 
lagging  90  degrees  behind  the  current.  The  armature  winding  of 
an  alternator  will  therefore  possess  a  certain  amount  of  inductance, 
so  that  if  L,  expressed  in  henries,  denotes  the  coefficient  of  self- 
induction  per  phase  and  ~  the  frequency  of  the  current,  then  the 
reactance  per  phase 

=  2w  -w  L  ohms 

Further,  let  I,  denote  the  armature  current  per  phase,  then,  assuming 
a  sinusoidal  rate  of  change,  the  equation  to  the  self-induced  E.M.F.,  or 
reaetanct  voltage,  is 

*,  =  25r  —  LIj  volts 

To  calculate  e„  it  is  necessary  in  the  first  instance  to  estimate  the 
value  of  L. 

The  exact  value  of  the  self-induction  of  an  armature  winding  is  some- 
what difficult  to  determine,  its  magnitude  depending  upon  the  reluctance 
of  the  paths  taken  by  the  leakage  flux.  Since  the  former  is  partly  of 
iron,  the  inductance  will  depend  upon  the  saturation  of  the  teeth,  and 
therefore  to  some  extent  varies  for  different  excitations,  and  different 
values  of  armature  current.  Even  in  the  light  of  these  uncertain  factors 
it  is  possible  to  derive,  from  general  principles,  formula  for  the 
leakage  flux,  and  the  methods  set  forth  herein  have  been  found  to  give 
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results  which  agree  very  closely  with  those  alterwards  obtained  experi- 
mentally.* 

Calculation  of  Inductance  and  Reactance  Volta^e.t— The 
inductance  of  a  coil  in  absolute  units  is  equal  to  the  number  of  times 
the  component  turns  become  linked  with  the  lines  of  force  threading 
through  the  former  when  the  current  carried  is  i  C.G.S.  unit.  Con- 
sider an  armature  coil  having  C  conductors  per  side,  i.e.  C  turns  per 
coil,  and  suppose  it  to  be  traversed  by  a  current  of  i  ampere,  then 
the  M.M.F.  per  coil  side  =  — C.     If  P„  denote  the  permeance  of 

the  magnetic  circuit  upon  which  this  M.M.F.  acts,  then  the  flux  produced 
by  the  coil 

=  M.  M.P.  X  permeance  =  ^ .  C .  P„ 

As  this  flux  becomes  linked  with  C  conductors  the  general  expression 
for  the  inductance  of  any  group  of  conductors  is 

L  =  Q.4  JT.C.  P„  IO-*  henries 


Fic.  190. 

For  the  purpose  of  calculation,  the  leakage  flux  producing  armature 
self-induction  may  be  considered  as  made  up  of  three  parts :  (1)  the 
flux  within  the  slot;  (:)  flux  issuing  from  crowns  of  teeth,  and  passing 
along  the  air-gap ;  and  (3)  the  flux  linked  with  the  end-connections. 
Tliese  three  fluxes  are  indicated  in  Figure  190  by  the  symbols  I.,  II., 
III.,   for  a  coil   occupying   three   slots.       The   self-induction   of  an 
armature  coil  therefore  consists  of  three  parts  as  follow : — 
L,=  inductance  due  to  slot  leakage. 
La  =  inductance  due  to  tooth-head  or  air-gap  leakage. 
L,  =  inductance  due  to  leakage  round  end-connections. 


*  J.  Reielman,  SlKln'dati  (1909),  vol.  Iiiii.  pp.  742,  796. 
+  Arnold,  Dit  tytihstliiremlecAitit,  vol.  iv. 
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Inductance  due  to  Slot  Leakage.— Figure  191  represents  three 
slots  in  which  are  placed  conductors  belonging  to  the  same  phase.  The 
armature  M.M.P.  tends  to  establish  round  each  slot  an  altering  magnetic 
flux  the  path  of  which  is  as  indi- 
cated by  the  faint  dotted  lines. 
The  tendency  is  for  the  teeth  b 
and  c  to  be  traversed  by  two  mag- 
netic fluxes ;  but  since  these  at  any 
instant  are  equal  and  opposite  to 
one  another,  Che  flux  passing  through 
these  teeth  is  really  zero.  The  greater  portion  of  the  lines  of  force 
forming  the  slot  leakage  therefore  passes  direct  from  n  to  </,  as  indi- 
cated by  the  heavy  line.  Of  course,  such  a  distribution  of  flux  is 
based  upon  the  assumption  that  the  iron  is  of  infinite  permeance; 
but  should  the  teeth  a  and  d  become  saturated,  a  small  portion  of  the 
slot  leakage  will  pass  along  intermediate  teeth. 

Open  Slots. — The  expression  for  the  inductance  due  to  leakage 
within  the  slot  will  first  be  derived  for  a  coil  wound  in  open  slots  of  the 
type  outlined  in  Figure  192.  The  symbols  used  in  the  formula  will 
have  the  following  significance : — 

/„  =  length  of  embedded  conductor  per  turn. 
d=  depth  of  winding, 

</,  =  depth  of  slot  from  air-gap  to  top  of  winding. 
s  —  width  of  slot. 
The  slot  leakage  may  be  divided  into  portions :  (i)  the  flux  across  the 
winding  space,  and  (3)  the 
flux     above     the    winding. 
Considering     a    small    strip 
of  the  winding  space  having 
a  width   i/.T,  and  distant  x 
centimetres  from  the  bottom 
of  the  winding,  the  tube  of 
force    passing    through    this 
strip  will  take  the  path  indicated  by  the  chain  dotted  line.     Assuming 
the  permeance  of  the  iron  portion   of  the  path   to   be  infinite  as 
compared  with  the  path  across  the  slot,  the  permeance  of  the  path 

taken  by  the  tube  of  force  =  '^'-~ ,  where  </  is  the  number  of  slots  per 

pole  per  phase.  Let  A,  ( =  ? .  s .  x)  denote  the  area  of  cross-section  of 
the  winding  space  up  to  the  height  x,  and  A  ( =  y .  i .  rf)  the  to/a/  area  of 
cross-section  of  winding  space,  then  the  M.M.F.  acting  across  the  strip 
ifx  when  one  ampere  flows  in  each  conductor  is 

M.M.F.  =  o.4x.C.^ 
where  C  =  number  of  conductors  in  ^  slots. 
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For  the  flux  passing  across  the  strip  dx 


the  number  of  linkages  ts 


■.C"'^    .      '"    -  =  0.4.  IT 


X  l,Jx    , 


d    q  .  s        d 
Hence  for  the  vrindlng  space  the  total  interlinkage  of  flux  with  C  con- 
ductors in  q  slots  is 

Above  the  winding  space  the  M:M.F.  over  the  entire  cross-section 
=  — irC,  and  if  the  influence  of  the  grooves  in  the  sides  of  the  teeth  be 

n^lected  the  permeance  of  this  portion  of  the  leaks^e  path  =  -^.    The 

inductance  of  the  embedded  conductors  due  to  the  leakage  above  the 
winding  space 

=  L",  =  o.45r.  C*  Ci-L 

Hence  for  open  slots  the  inductance  per  coil  due  to  slot  leakage  is 
expressed  by  the  equation 

L,  =  L',+L",  =  o.4iK:«^-  +->)xio-8henries   .    .   .    (6z) 
The  expression -^(—+  -'Wnotes  the  equivalent  permeance  of  the  slot 

leakage  paths. 

Semi-closed  Slots. — Semi-closed  slots  are  generally  proportioned 
as  shown  in  Figure   193,  the  tooth  hoins   being  either  rounded  or 
straight      As  the   shape   of  the   horns   and   the  magnitude   of  the 
angle   x  do  not  influence   the  leakage  to    any 
great  extent,  the  following  formula,  though  derived      1 
for  a  slot  mth  straight  horns,  is  also  applicable    .|  I4 

to  oval  slots.     The  additional  symbols  for  closed 
slots  are : — 

s,=  width  of  slot  opening. 

d^  =  thickness  of  lip  of  tooth. 

rf3  =  depth  of  sloped  portion  of  slot.  — -»— 

^4=  thickness  of  insulation  between  top  of  Fig.  193. 

winding  and  slope. 
The  leakage  inductance  L„  derived  in  a  similar  manner  to  equation  63, 
is  expressed  by  the  equation 

L, - 0.4  :r<?'-(-''+^' +  -'-''■  +i')xio-henrie.    .    .    .   (Sj) 

r  1 1  Google 
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The  third  term  within  the  brackets  is  the  permeance  per  centimetre 
length  for  the  path  across  the  sloped  portion  of  the  slot,  and  in  airivii^ 

at  the  value  the  length  of  path  has  been  taken  as  ^ — ~ 

Inductance  due  to  Tooth  Head  Leakage.— In  the  case  of 

alternators,    which   generally   have    comparatively   large   air-gaps,  this 

component  of  the  leakage  flux  will  not  be  materially  different  when 

the  rotor  is  absent  from  that  when  it  is  present     'I'he  permeance  of 

the  paths  taken  by  the  leakage  flux 

under  consideration  will  therefore 

be   calculated  on    the  assumption 

that  the  rotor  is  removed  and  that 

the  tubes  of  force  are  as  in  Figure 

194.     The  permeance  of  the  path 

taken   by   the  tooth  head  leakage 

will    be    integrated    over    a    coil 

Fiu.  194.  span,  that  is,  for  a  distance  equal 

to  about  one  pole  pitch. 

In  the  case  of  a  3-phase  machine  ha«ng  one  slot  per  pole  per 

phase,  the  permeance  of  the  path  taken  by  the  leakage  across  the  tooth 

heads  will  be 


y  J,  +  Jr: 


'J/,.i„g(,  +  .^^) 


\lp  denote  the  number  of  pairs  of  poles  and  r  the  pole  pitch  then  the 
value  of  r  is  approximately  expressed  by 


Hence  for  a  concentrated  winding  the  leakage  inductance  per  coil  is 
L',  =  6.4  irC .  ^-hjog  ^-  0.92  .  O  .  /„  log  ^  X  ro-«  henries 


The  influence  of  ihe  spread  of  the  coils  upon  the  tooth  head 
leakage  will  be  examined  for  a  winding  having  three  slots  per  pole  per 
phase. 
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In  Figure  195 — 

tf  -  slot  pitch. 

/,  =  widlh  of  tooth  at  air^ap. 

C,=  conductors  per  slot. 
For  a  current  of  one  ampere  the  conductors  in  slots  i  and  3  each 
produce  the  following  fluxes : — 

0.92.C,./,.  log(i  +!^)  lines 
linked  with  C,  conductors  in  one  slot ; 

linked  wilh  2C,  conductors  in  two  slots ;  and 
C-  o.4B-/„  / 

linked  with  3Cr  conductors  in  three  slots. 

Similarly,  one  ampere  flowing  in  the  conductors  of  slot  2  produces 

0,92.  C,.  /,„.l(^(i  +*  ')  lines  linked  with  C,  conductors 
aDdo.92.Cj.  /„.  log( —^^  J  lines,  linked  with  3C,  conductors 


and  1(^ -^^^slog^=l(^  ^  +log  I 

If  the  various  fluxes  be  multiplied  by  the  turns  with  which  they 
are   respectively   linked,    then  the  sum    of  these   products  gives   the 
inductance  of  the  coil  due  to  leakage  across  the  tooth  heads,  i.e. 
I^  — S(flux  produced  x  number  of  turns  with  which  the  flux  is  linked) 

=  o.5!C,'/„[3log(.+'^')*>.i  +  9log-';-] 
Since  C,=  — ,  then  in  general  the  tooth  head  leakage  may  be  expressed 

^'       ' 

La  =  o.92 — /,„  A' X  ro*  henries (64) 

where  A'  denotes  the  equivalent  permeance  between   tooth   heads. 
The  expression  for  A'  can  be  derived  for  any  number  of  slots  per 
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pole  per  phase  in  a  similar  manner  lo  Ihat  set  forth  above.    Up  to 
six  slots  per  pole  per  phase  the  expressions  for  A'  are  as  follow :— 


i'  =  log(,+'a) 

i'  =  l0g(n-5!)+2l0gj:     .      .      . 
4'  =  log(i+'')  +  o.7  +  3log^ 
i'  =  log  (i +^')+ 1.3S +4  log  i 
A=log(i+^)  +  s.!i  +  Slogi 


4-  =  log(i 


4)  +  3..6  +  6log^ 


«i5) 


Of  course  for  open  slots  s^  -  ^■ 

Inductance  due  to  End-coil  Leakage.— The  leakage  lines 
which  become  linked  with  the  end-connections  have  their  path 
chiefly  in  air,  for  though  the  end-connections  are  more  or  less 
surrounded  by  solid  iron  parts — e.g.,  core  clamping  plates  and  end- 
shields^yet  it  is  possible  to  fix  the  distance  between  the  windings 
and  the  iron  parts  so  that  only  a  small  proportion  of  the  end-leakage 
flux  enters  the  iron.     Again,  the  flux  surrounds   the  end-connections 


Fig.  196. 

in  such  manner  that  there  is  very  little  mutual  inductance  between  the 
various  phases  of  a  polyphase  winding.  In  the  roain  the  end  leakage 
is  equal  to  the  flux  which  would  be  created  by  an  independent  group 
of  coils  having  a  shape  similar  to  the  coil  formed  by  putting  two 
projecting  ends  together.  For  instance,  if  the  end-connections  of 
the  single  coil  shown  in  Figure  196a  be  cut  away  from  the  conductois 
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and  put  together  as  at  ^,  then  the  self-induction  of  ibe  end-connections 
will  be  approximately  the  same  as  tbat  for  the  equivalent  coil.  Since 
the  equivalent  coil  will  in  general  be  nearly  square,  its  self-induction 
may  be  taken  as  equal  to  that  of  a  circular  coil  with 
the  same  number  of  turns  and  a  circumference  equal 
to  that  of  the  lei^h  of  the  end -connections  per  1 
armature  turn,  then  the  radius  of  the  circular  coil  \ 
=  -•  {sec  Figure  ig6i-).    The  self-induction  of  a  coil 

(insisting  of  C  turns  =  0.4  w  C*  x  permeance.     Now,        y\g.  197. 
if  d,  denote  the  diagonal  of  the  rectangular  section 
of  the  end-connections  (see  Figure  197),  then  the  permeance  of  the 
leakage  path  is 


The  self-induction  due  to  the  end-leakage  flux  of  each  coil  is  therefore 
L,  =  o.46/,C«(l<«A-o.s)xio-«henries (66) 

Reactance  Voltc^e. — Having  determined  the  equations  for 
the  component  self-inductions  L„  L„  and  L„  the  self-induction  per 
coil  of  C  tums'>L,4- I^-t-Iv  If  there  be  n,  coils  in  series,  then  the 
self-induction  per  phase 

Assuming  the  inductance  to  be  constant,  and  that  the  change  of  current 
is  sinusoidal,  the  reactance  voltage  per  phase  is  expressed  by  the 
equation 

<r,-iir~«,  (U-KL.-t-L,)  I,  volls (67) 

where  I,  =  current  per  phase. 

Though  in  deriving  the  above  formula  various  assumptions  have 
been  made  as  to  the  path  taken  by  the  leakage  flux  and  the 
permeance  of  the  iron  parts,  yet  this  method  of  calculation  is  found 
to  give  results  which  approximate  very  closely  to  the  value  experiment- 
ally obtained  for  L  when  the  impedance  is  measured  with  the  rotor 
removed. 

ExatttpU. — From  the  following  data  relating  to  a  600-K.V.A., 
3300-volt,  50  ~,  3-ph&se  alternator  calculate  the  reactance  voltage  at 
fuH-ioad.    The  dimensions  of  the  slots  are  as  in  Figure  189,  page  393. 
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Coils  in  series  per  phase  (n,)    .     ,     .  =12. 

Turns  per  coil  (C) =16, 

Slots  per  pole  per  phase  (^)      .     .     .  =      z. 

Full-load  current  per  phase  (I„)    .     .  =  105  amperes. 

Embedded  length  per  turn  (/,„)     .     .  =   54  cms. 

Free  length  per  turn  (/,) =116  cms. 

Number  of  poles =    ^4- 

Pole  pitch  (t) =   a8.8  cms. 

Tooth  pitch  at  air-gap  (l^  .    .    .    .  =     4.8  cms. 

Inductance  per  coil  due  to  slot  leakage  is 

=  0.4  .  IT.  i6>  .  54  (-  JlSL  +  t'j)  „  ,o<  =  8.8  X  10-'  henries. 
Inductance  per  coil  due  to  tooth  head  leakage  is 

L..o.9!?'/,.4'.io-« 
1 

For  ^  =  2,  the  value  of  A'  is 

4'-log(i+^')+ilog^ 

=log(.  +  -^t')  +  ..og^'=M6 

Xr^r.  -^_  =  a8.8x  "  =  !t6-6l 
V  p\^  13  J 

Substituting  this  value  of  A'  in  the  above  equation  for  L„ 

L,  =  o.92  .  —  .  54  .  2.46  ,  io-«=is.s  X  10*  henries. 

Inductance  per  coil  due  to  end-leakage  is 

U=o.46/,C»(log^-o,5)xro-8 

=  0.46  .  rr6  .  16*  (log  — -  -o-s)  10-*=  12  x  10'  henries 
Reactance  per  phase  =  r,»27r.^.  w,  (L.-nLa  +  L,) 

=  2Tr.S0.  I2{tO+IS.S  +  I3)  'O"* 

=  1.37  ohms. 
Reactance  voltage  per  phase 

f,=  2ir~«,{L,  +  L.  +L,)I, 
=  1.37x105, 
c<  144  volts. 
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Demag'Qfttisiag    and    Cross -magaetising:    M.M.F.    of 

Armature. — Aa  previously  mentioned,  the  other  component  of 
the  flux  due  to  the  armature  magnetomotive  force  traverses  the  same 
path  as  the  flux  of  the  field  magnets,  and  combines  with  it  to  form  a 
resultant  flux.  This  part  of  the  effect  of  the  armature  M.M.F. 
represents  the  "true  armature  reaction,"  and  its  nature  for  loads  of 
various  power  factors  will  now  be  examined. 

Figure  198,  .represents  a  portion  of  a  3-phase  alternator  the 
armature  of  which  has  a  single-coil  winding ;  for  the  sake  of  clearness 
one  phase  only  is  shown.  When  the  armature  supplies  current,  each 
coil  has,  for  every  position  it  occupies  relative  to  the  poles,  a  certain 
M.M.F.    The  current  if  in  phase  with  the  induced  voltage  will  attain 


■    ^.-'f^-^A.^ 

■K^y 

s^_ 

Fig.  19S. — Cairent  in  phase  with  induced  E.M.F. 


its  maximum  value  when  the  centre  of  a  coil  is  midway  between  two 
poles.  In  the  figure  the  coils  are  shown  in  this  position,  and  the 
direction  of  the  current  indicated  by  the  crossed  and  dotted  conductors, 
a  dot  indicating  that  the  current  is  Rowing  upwards  out  of  the  plane 
of  the  paper.  The  magnetic  flux  due  to  the  magnetomotive  force 
of  each  armature  coil  passes  athwart  the  poles  as  represented  by  the 
arrows.  For  the  instant  considered,  the  armature  ampfere-turns  acts 
as  a  cross  M.M.F.,  the  effect  of  which  is  to  increase  the  flux  at  the 
edge  of  the  trailing  pole  tip  and  to  decrease  it  at  the  leading  pole 
tip, — i.e.,  the  curve  of  flux  distribution  is  merely  distorted.  When  the 
poles  have  rotated,  from  the  position  shown  in  Figure  198,  through 
an  angular  distance  corresponding  to  one  pole  pitch,  the  current  in 
the  armature  coils  will  have  reversed,  and  so  also  will  the  direction  of 
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the  main  fidd;  hence  the  armature  will  have  precisely  the  same 
effect,  namely,  entirely  cross-magnetising  As  the  poles  move  away 
from  the  slots  containing  the  winding,  two  magnetic  paths  are 
ofTered  to  the  armature  flux,  one  of  which  is  directly  through  the 
main  magnetic  circuit  instead  of  across  the  poles.  The  armature 
M.M.F.  is  now  divisible  into  cross  and  demagnetising  ampere-turns; 
the  latter  directly  affect  the  strength  of  the  Hux,  whereas  the  former 
simply  distort  the  strengthened  or  weakened  lield.  The  ratio  of 
the  demagnetising  amptre-turns  to  the  distorting  ampfere-tums  gradually 
increases,  until  the  sides  of  a  coil  are  midway  between  the  poles,  in 
which  case  all  the  turns  act  against  the  field  (see  Figure  199).  In  this 
position,  however,  the  armature  current  is  zero,  so  that  there  is  no 
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^ 
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Fio.  199. — Cunent  lading  in  quadialure  with  induced  E.M.F. 


demagnetising  action.  Later,  as  the  coils  coma  under  the  influence 
of  the  next  poles,  the  armature  turns  are  ^ain  divisible  partly  into 
direct-  and  partly  into  cross- magnetising  turns. 

In  order  to  estimate  the  effect  of  armature  reaction  during  a 
whole  period,  it  is  necessary  to  consider  hoth  the  instantaneous  value 
of  the  current  in  a  coil  for  each  position  of  the  poles  and  the 
magnetising  effect  that  a  constant  current  in  the  same  turns  would 
have  for  the  same  position.  Still  considering  a  case  where  the 
current  is  in  phase  wiih  the  induced  E.M.F.,  let  the  curve  H  in 
Figure  198  represent  for  each  position  the  direct  magnetising  effect  of 
the  armature  coils  when  carrying  unit  current.  This  curve,  which  is 
supposed  to  vary  according  to  a  sine  law,  will  attain  its  maximum  and 
zero  values  when  the  conductors  are  midway  between  the  poles  and 
directly  under  the  poles  respectively.    The  current  wave  is  indicated 
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by  the  cume  1  and  the  product  of  the  corresponding  ordinates  of 
the  two  curves  gives  the  third  curve  M,  which  shows  the  variation 
in  the  M.M.F.  due  to  the  direct  ampfere-turns,  forward  M.M.F.  being 
[dotted  above  and  back  M.M.F.  below  the  abscissa  reference  axis. 
The  shaded  area  shows  that  there  is  a  periodic  strengthening  and 
weakening  of  the  main  field ;  but  over  a  complete  period  the  two 
neutralise  each  other.  Hence,  when  the  current  is  in  phase  with  the 
induced  E,M.F.  and  saturation  of  the  teeth  is  neglected,  the  main 
flux  is  not  altered  in  magnitude,  but  merely  distorted.  The  distortion 
is  pulsating,  and  ceases  at  the  moment  the  current  is  zero ;  the  period 
vX  the  pulsation  is  twice  that  of  the  current. 

Since  the  self-induction  of  an  alternator  itself  causes  the  current 


Fig.  200.— Current  lagging  ^i  degiecs  behind  E.M.K. 


to  lag,  the  above  condition  of  current  in  phase  with  the  induced 
E.M.F.  could  exist  only  in  a  circuit  where  the  condenser  effect  of 
cables,  etc,  causes  the  current  to  lead  with  respect  to  the  terminal 
E.M.F.  In  practice  the  current  generally  lags  behind  the  induced 
E.M.F.,  and  in  the  extreme  case  of  a  lag  of  90  degrees  the  armature  current 
would  attain  its  maximum  value  when  the  coils  are  in  the  position 
shown  in  Figure  199.  In  this  case  the  armature  ampferelurns  are 
directly  opposed  to  those  of  the  field  poles,  so  that  the  armature 
M.M.F.  is  a  demagnetising  one  entirely,  the  pulsating  cross  magneto- 
motive force  being  lero  over  one  complete  period.  For  intermediate 
aisles  of  li%  the  armature  reaction,  taken  over  a  complete  period,  will 
be  partly  demagnetising  and  partly  distorting.  The  diagram  of 
Figure  aoo  is  similar  to  that  of  Figure  198,  except  that  the  current 
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lags  ^,  degrees  behind  the  induced  E.M.F.,  ^^  being  about  35  degrees. 
In  this  case  there  is  a  periodic  weakening  and  strengthening  of  the 
main  field,  but  the  weakening  effect  exceeds  the  strengthening  elTect. 
The  cross  ampere-turns  are  appioximately  proportional  to  the  component 
of  the  current  in  phase  with  the  induced  E.M.F.,  whereas  the 
demagnetising  ampfere-tums  vary  as  the  component  of  the  current 
in  quadrature  therewith.  With  a  leading  current  the  direct  magneto- 
motive force  strengthens  the  main  field,  and  distorts  it  in  the  direction 
of  the  rotation  of  the  field. 

Calculation  of  Armature  Magnetomotive  Fore*.— In  a 
single-phase  alternator,  or  in  one  phase  of  a  polyphase  machine 
considered  by  itself,  the  magnetomotive  force  due  to  current  in  the 
armature  winding  is  an  alternating  one.  At  any  point  on  the 
armature  periphery  it  is  fixed  in  direction  relative  to  the  poles, 
although  as  the  latter  rotate  the  armature  M.M.F.  varies  synchronously 
with  the  period  of  the  machine.    The  form  of  the  curve  showing  the 


due  to  single -coil  winding. 


variation  of  M.M.F.  along  the  armature  periphery  will  depend  Upon 
the  distribution  of  the  winding.  Consider  a  winding  the  sides  of 
whose  coils  are  concentrated  (see  Figure  301)  in  one  slot  per  pole, 
then  if  phase  A  be  traversed  by  a  ^rect  current  the  curve  of  M.M.F. 
along  the  air-gap  will  approximate  to  a  series  of  rectangles  having 
a  width  equal  lo  that  of  the  pole  pitch  and  a  height  equal  to  one-half 
the  amp^re-tums  per  pole.  With  a  triple-coil  3-phase  winding  the 
curve  of  M.M.F.  for  one  [rfiase  when  traversed  by  a  direct  current 
will  be  as  shown  in  Figure  zoz,  the  three  steps  in  the  curve  correspond- 
ing to  the  three  coils  per  element.  If,  instead  of  a  direct  current, 
an  alternating  current  be  sent  through  the  above  windings,  the 
magnetomotive  force  produced  becomes  periodic  in  time  as  well  as 
in  place,  but  at  every  instant  is  represented  by  a  right-angle  curve 
like  Figures  201  and  30Z.  The  horizontal  dimensions  of  the  curve 
remain  constant  but  the  vertical  dimensions  will  vary  periodically, 
and  in  synchronism  with  the  period  of  the  current  between  certain 
definite  equal  positive  and  n^ative  values.  If  Tj  denote  the  turns 
per  pair  of  poles  per  phase,  and  I,  the  R.M.S.  value  of  current  per  phase, 
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then  the  amplitude  of  the  ampere-turn  curve  when  the  current  attains 
its  maximum  value  is  expressed  by 

In  order  to  obtain  an  expression  for  the  demagnetising  and 
distorting  amp^re^turns  of  the  armature  the  above  curves  of  magneto- 
motive force  must  be  analysed  into  Fourier's  series.  Since  the 
M.M.F.  curve  must  be  symmetrically  positive  and  negative 
alternately,  it  will  contain  odd  hannonics  only.  The  time-period 
of  the  magnetomotive  force  wave  is  equal  to  the  periodic  time  T 
of  the  current,  while  the  space-period  is  equal  to  2r,  where  t  denotes 
the  pole  pitch.  Let  a^,  Oj,  a^,  etc.,  denote  the  amplitudes  of  the 
fundamental  wave,  and  the  third,  fifth,  etc.  harmonics  respectively, 
and  X  the  distance  along  the  armature  periphery  from  a  point  where 


-ffiirB sinr" 


due  to  triple-coil  winding. 


the  M.M.F.   is  zero,   then  the  equation   to  the  armature  magneto- 
motive force  at  any  instant  I  is 

.     tirx  2irl  ,  -     65rr       .     &irt 

.        lOTTj;  lOvl 

+  a^  am ■  ■  s""  — .,,  ■ 

^Vith  the  distributed  windings  which  are  generally  employed,  the  third 
fifth,  etc.,  harmonics  will  be  almost  negligible  as  compared  with  the 
fundamental.  Hence  it  is  only  necessary  to  consider  the  first  term 
of  the  above  series.  For  a  concentrated  winding  the  amplitude  a^  of 
the  fundamental  (vi^U  p^e  9) 

=  2  xaveragevalueof  fl  sin  tf=2rf-   /    sin  fl  1/^ 

.*-'■  =  '' V.'-'^i. 0.9  T,I,    ' 

^Vhen  the  winding  is  distributed  the  above  equation  must  be 
multiplied  by  the  breadth  factor  Aj;  hence  the  amplitude  a,  is 
expressed  by  the  general  equation 

«i  =  o.9.Aj.T,.I. 
the  values  of  ij  being  obtained  from  Table  XVI.,  page  218. 

r      , ,  I ,  Google 


266         ALTERNATING  CURRENT  MACHINERY 

Single-phase  Alternator.— In  the  case  of  a  single-phase 
winding  the  alternating  magnetomotive  force  of  amplitude  Sj  may, 
as  explained  in  chapter  vii.,  be  replaced  by  two  equal  constant  waves 
each  half  the  amplitude  of  the  alternating  M.M.F.,  and  revolving  in 
opposite  directions  at  a  frequency  equal  to  that  of  the  resultant  field. 
Now,  since  the  winding  is  moving  relative  to  the  main  field  at  the 
same  rate  as  that  at  which  the  component  magnetomotive  forces 
are  moving  with  respect  to  the  armature,  it  follows  that  one  component  of 
thearmatureM.M.F.remainssCationarywithrespect  to  the  poles,  whereas 
the  other  component  rotates  backwards  with  twice  the  angular  velocity 
of  the  main  field.  The  magnetic  field  produced  by  each  component 
of  the  amp&re-tums  will  be  referred  to  as  the  synchronout  field  and 
the  inverse  field  respectively.  The  inverse  field  produces  periodic 
changes  in  the  flux  passing  through  the  main  magnetic  circuit, 
the  action  being  alternately  magnetising  and  demagnetising.  These 
fiux  pulsations  induce  eddy  currents  in  the  magnet  poles  and  solid 
metal  parts  in  the  vicinity ;  but  the  effect  of  these  is  to  produce 
magnetic  fields  which  to  a  large  extent  reduce  the  pulsations  to  an 
almost  negligible  amount  Hence  in  calculating  the  armature 
reaction  the  effect  of  the  inverse  field  will  be  neglected.  The  sine 
wave  of  amp&re-turns  which  remains  stationary  relative  to  the  main 
field  has  an  amplitude  value 

=  o.4S.*,.Ti.I, 

the  position  it  occupies  relative  to   the  fitid  poles  depending  upon 
the  angle  of  lag  of  the  current  behind  the  induced  E.M.F. 

Polyphase  Alternator. — In  a  polyphase  alternator  every  one 
of  the  phases  will  have  a  similar  magnetomotive  force  curve,  and 
the  resultant  magnetomotive  force  wave  will  be  obtained  by  adding 
the  various  M.M.Fs.  in  the  proper  phase  relation  as  regards  time  and 
space,  whilst  the  inverse  waves  cancel  out  In  a  2-phase  machine 
the  equations  for  the  two  fundamental  waves  are 
>^,  =  aisin  ^sin  ~ 

When  added  together 

>'^i-f-J>i  =  ''iCOS  2n-(^-^.) (68) 


Now,  T  =  ir  and  T=-     where  jt ^^  an- ~,  so  that  when  these  values 
P 
e  substituted  in  the  above  equation 

>Ai  +^Bi  -  rti  cos  (x  -pi) 

r=   izcJbyGoOglC 
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Similarly,  in  a  3-phase  alternator 

—       si     "^*       '(1  *""' 

-      2ir/         4T\     -      2ir/.      2T\ 

-'"="' ""s(*-j)™t('- 3) 

and  when  added  tt^ether 

J'ai+/bi+Ai=i-5'»i«>s(;>'-*)     •    ■     ■     (69) 

Equations  68  and  69  represent  a  train  of  waves  of  wave  length 
2r,  and  amplitudes  respectively  i.o  and  1.5  times  that  of  >'xi  moving 
forward  with  the  velocity  of  the  field  poles.  The  various  fundamentals 
combine,  therefore,  to  give  a  series  of  sine  waves  of  magnetomotive 
force  moving  forward  synchronously  with  the  field  poles,  and  therefore 
stationary  over  the  poles.  In  a  similar  manner  it  can  be  shown  that 
the  fifth  harmonics  combine  to  give  a  sine  wave  of  magnetomotive 
force  which  at  any  instant  is  proportional  to  -  cos  {pi  -  ^x\ — i.e.  the 
resultant  of  the  quintuple-frequency  harmonics  rotates  at  one-fifth 
c^  synchronous  speed  in  the  opposite  direction  to  the  rotation  of 
the  field  poles.  The  seventh  harmonic  moves  with  one-seventh 
the  synchronous  speed  and  in  the  same  direction  as  the  field  poles, 
and  similarly  for  the  other  harmonics.  All  the  harmonics  which 
are  multiples  of  three  cancel  out.  Thus  the  fundamental,  seventh, 
thirteenth,  etc.  harmonics  revolve  at  their  corresponding  speeds 
in  the  same  direction  as  the  field  poles,  while  the  fifth,  eleventh, 
etc.,  harmonics  revolve  at  their  corresponding  speeds  in  the  opposite 
direction  to  the  field  poles.  Since  all  the  harmonic  magnetomotive 
forces  move  relative  to  the  poles,  they  will  induce  currents  in  the 
field  coils  and  pole  faces.  But,  as  previously  stated,  these  currents 
will  to  a  large  extent  annul  any  magnetising  effect  they  might 
otherwise  have.  Only  the  resultant  of  the  fundamental  waves  needs 
therefore  to  be  taken  into  account  when  estimating  the  armature 
reaction  of  a  polyphase  alternator. 

The  amplitudes  of  the  resultant  amp^re-tum  wave  which  moves 
synchronously  with  the  poles  are  as  follow : — 

Two-phase       A=  *'''  =  o.9 -i'jTiI,       | 

Three-phase    A  =  2fj  =  ,.35  ^^.T,!,     I (j^j 

*n-phase  A  =—'  =  0.45  k^niY-^,,  I 

The  position  which  the  rotating  M.M.F.  sine  wave  occupies 
relatively  to  the  field  poles  depends  on  the  power  factor  of  the  circuit. 
Wbai  the  current  is  in  phase  with  the  induced  E.M.F.  the  rotating 
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sine  wave  must  have  its  zero  value  over  the  centres  of  the  poles,  and 
in  the  general  case  the  sine  curves  will  lag  or  lead  from  this  position 
by  approximately  the  lag  or  lead  of  the  current  relative  to  the  induced 
E.M.F.  In  order  to  separate  the  different  magnetic  effects  produced 
by  the  synchronous  M.M.F.  wave  Ihe  train  of  sine  waves  will  be 
resolved  into  two  trains  of  sine  waves,  one  of  which  has  its  maximum 
ordinates  over  the  pole  centres,  while  the  other  has  its  maximum 
ordinates  midway  between  the  poles.     If  A  denote  the  amplitude  of 


FlO.  203. — Fundamentil  M.M.F.  w&ve  of  armature  reaction. 


the  initial  sine  wave,  and  ^,  the  angle  of  lag  of  the  cuirent  behind 
the  induced  E.M.F.,  then  the  amplitude  of  the  former  component 
wave  will  be  A  sin  <^j  and  the  amplitude  of  the  latter  componept  wave 
A  gin  (<^,-f9o)  =  A  cos  ^,.  The  waves  which  have  their  maximum 
ordinates  over  the  pole  centres  are  due  to  the  wattless  component  of 
the  current,  and  are  called  the  demagnetising  waves  DM,  while  the 
other  waves  due  to  the  watt  component  of  the  current  are  called 
the  cross-magnetising  waves  CM ;  both  are  shown  in  Figure  203. 


Fic.  204. — Demagnetising  componi 

The  set  of  m^netomotive  force  waves  which  have  the  maximum 
ordinates  over  the  pole  centres  will  produce  a  direct  magnetising  or 
demagnetising  action  on  the  poles,  depending  upon  whether  the 
current  is  leading  or  lagging.  Since  the  pole  surface  of  salient  pole 
alternators  is  not  continuous,  only  that  portion  of  the  wave  which 
stands  over  the  pole  will  have  any  appreciable  effect  upon  the  magnetic 
flux  in  the  air-gap.  It  is  therefore  necessary  to  determine  the  average 
value  of  the  portion  of  the  wave  which  is  shown  shaded  in  Figure  204. 
If  <T  denote  the  ratio  of  pole  arc  to  pole  pitch,  then  itt  is  the  breadth 
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of  the  pole  face  =  cm- radians  and  the  average  value  of  the  M.M.F. 
within  the  shaded  area 

=  maximum  ordinate  x   -    /  cos  $  .  49 

6  being  measured  from  the  centre  of  the  pole 

1  ordinate  x       -     ■ 


The  demagnetising  amp^re-tums  of  armature  reaction  are  therefore 
given  by  the  general  equation 

ATdm  =  A  sin*,  .  -    — 

sin  "^  a 
=  0.45.  ^.w.TjI,  sin  1^,  .  —-^-     .     .     .     {71) 


The  values  of      -     -  for 
are  as  follow : — 


raltos  of  pole  arc  to  pole  pitch 


1  Pole  wc-Jpole  pitch  (ff)  . 

1 

.    0.63 

i 

0.9    0.8  [07s     0.7  I0.65     0.6     0.5s    0.5 

V^ues  of           ^-     .     . 

2' 

0.7    0.73    0.78   0.S1  j  0.83  j  0.85  I  0.88    0.9 

■'  '  1  :  !  '  1 

While  the  demagnetising  component  of  the  armature  M.M.F.  de- 
creases the  main  field  flux  as  a  whole  (or  increases  it  when  AT^m  is 
negative),  and  may  be  reckoned  as  so  many  ampere-turns  subtracted 
from  (or  added  to)  the  excitation  of  the  field  magnets,  the  cross 
magnetising  component  shown  by  the  curve  CM  in  Figures  203  and 
205  produces  neither  increase  nor  decrease  of  the  field  excitations  as 
a  whole,  but  increases  the  M.M.F.  acting  over  one-half  of  the  pole 
face  and  diminishes  the  M.M.F.  acting  over  the  other  half  of  the  pole 
face,  the  increase  and  decrease  being  equal  in  magnitude.  The  cross 
amp^re-tums  thus  tend  to  produce  a  local  flux  4ch  passing  through 
one-half  of  the  air-gap,  then  along  the  pole  shoe,  back  through  the  other 
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half  of  the  gap,  and  completing  its  magnetic  circuit  through  the  iron 
of  the  armature.  This  local  flux  will  be  constant  in  m^nitude,  but  will 
move  along  with  the  poles.  It  will  therefore  cut  the  armature  con- 
ductors and  induce  an  E.M.F.  therein.  The  shaded  portion  of  Figure 
305  represents  the  distribution  of  the  cross  magnetomotive  force  along 
the  pole  face.  The  average  value  of  the  M.M.F.  acting  over  one-half 
the  pole  face 


=  maximum  ordinate  x  — 


\r 


n$dd 


=  Acos*,x^x(i-cos!^) 
Since  the  cross  flux  is  also  assisted  by  the  M.M.F.  over  the  other  half 


Fig.  305. — Cross-magnelising  component  of  1 


of  the  pole,  the  average  value  of  the  cross  amp^re-tums  per  pole  due 
to  the  armature  is  expressed  hy 
ATc„  =  2Acos^i.  — .(i-cos— ) 


-1.8.*,. 


The  values  of  the  factor  - 
pole  pitch  are  as  follow : — 


.  Tj .  I.  .  cos  ^1 . 

(■ 


(;>) 


for  various  ratios  of  pole  arc  to 


Pale  aic^  pole  pitch  (it)      i.o 

\ 
0.9,  0.8  1  a7S 

0.7 

0,65      0.6      O.SS      0.5    ! 

^ 

- 



Valuesof^              ^  '-    ;  0.31 

0.3  [  0.28   0.I5S 

O.JS 

1          1            ■■ 
0.24   o-"S   0.11    0.195 

.  . .      _    J  _. 
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As  previously  stated,  the  cross  magnetomotive  force  of  the  arniatuie 
does  not,  except  in  so  far  as  saturation  is  concerned,  affect  the  average 
value  of  the  main  magnetic  flux,  but  simply  alters  the  distribution  of 
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the  latter  over  the  pole  face.  Now,  an  exactly  similar  effect  results  if 
the  armature  induced  KM.F.  is  obtained  by  assuming  the  main  flux  to 
remain  andistorted,  and  by  superposing  on  it  a  cross-flux  4>ch  the  path 
of  which  is  indicated  in  Figure  205.  This  local  flux  must  be  of  such 
a  magnitude  and  distribution  as  to  reproduce  the  actual  distribution 
when  compounded  with  the  main  flux.  Since  the  reluctance  of  the 
iron  in  the  path  of  the  cross  flux  is  small  compared  with  the  reluctance 
of  the  path  in  air,  (he  magnitude  of  the  cross  flux 

*CM  =  0-4  T  •  ATcM  -f  the  reluctance  of  two  half  air-gaps 


^bj 


-u 


■kJ,- 


(73) 


where  8  =  radial  depth  of  the  air-gap, 
l,=  ideal  pole  length, 
^,  I- ideal  pole  breadth. 
The  electromotive  force  induced  in  each  phase  of  the  armature  wind- 
ing by  the  transverse  flux  is 

Ec„  =  4-*i.**-T.~.2.*c„xio-s (74) 

T  =  turns  in  scries  per  phase, 
Ait=form  factor, 
k^  =  breadth  factor. 


Fio.  106.— Carves  of  E.M.F.  induced 

flax  of  crosa-magnetiialian. 

In  order  to  determine  the  value  of  the  factors  k^^  and  k^  it  is  necessary 
to  know  the  wave  form  of  E.M.F.  for  each  element  and  for  each  coil. 

If  in  Figure  205  the  air-gap  be  of  uniform  width,  then  by  altering 
the  scale  the  curve  CM  will  approximately  represent  the  distribution 
of  the  cross  flux  along  the  air^ap.  Considering  a  3-phase  armature 
having  three  slots  per  pole  per  phase,  the  E.M.Fs.  which  the  trans- 
verse flux  induces  in  the  coils  of  one  phase  of  the  armature  are 
represented  by  the  curves  oo,  bb^  and  ec  shown  in  Figure  206.  These 
ttvee  portions  of  sine  curves  are  spaced  out  20  degrees  apart,  and  when 
the  ordinates  of  the  various  curves  are  added  tt^ether  the  resultant  E.M.F. 
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curve  is  obtained.  To  allow  for  the  gradual  change  in  the  m^nitude  of 
the  fiux,  which  takes  place  at  the  edges  of  the  pole  shoe,  the  resultant 
curve  of  E.M.F.  has  been  rounded  off  at  ail  the  sharp  corners,  thus 
producing  the  E.M.F.  curve  shown  shaded.  On  comparing  [he  latter 
with  Figure  5,  page  4,  it  is  evident  that  the  cross  electromotive 
force  contains  a  strongly  pronounced  third  hannonic.  In  a  3-phase 
star-connected  winding  all  triple- frequency  harmonics  are  eliminated 
from  the  terminal  E.M.F.  j  consequently,  when  the  current  is  nearly  in 
phase  with  the  E.M.F— /.«.  when  the  cross  flux  is  a  maximum,  the  star 
voltage  will  in  many  cases  exceed  ^3  times  the  phase  voltage.  In  all 
salient  pole  machines  the  effect  of  the  armature  cross  magnetomotive 
force  is  to  introduce  a  third  harmonic  into  the  E.M.F.  of  each  phase,  and 
from  an  inspection  of  Figure  206  it  will  be  evident  that  this  harmonic 
is  less  pronounced  the  greater  the  number  of  slots  per  pole  per  phase, 
and  the  greater  the  ratio  of  pole  arc  -f  pole  pitch.  In  cylindrical  rotors 
for  turbo-dynamos  a=  i,  and  the  cross  flux  is  represented  by  an  un- 
broken sine  curve.  Hence  if  the  fiux  distribution  at  no-load  be 
sinusoidal  it  will  retain  this  form  under  all  conditions  of  load,  though 
the  point  of  zero  flux  density  will  be  shifted  backwards  opposite  to 
the  direction  of  rotation. 

If,  in  Figure  206,  the  half-wave  of  cross  E.M.F.  be  divided  into  a 
suitable  number  of  equal  parts  n,  and  the  ordinates  at  each  point  lie 
denoted  by  «i,  ^j,  fj,  .  ,  .  e„,  then  the  form  factor  of  the  cross  E.M.F. 


1-^ 

_R.M.S.  value  of  ordinates  _ 
Mean  vaTue  of  ordinates 


y? 


The  breadth  factor  can  also  be  derived  from  the  f^re  under  con- 
sideration, and 

Area  of  resultant  E.M.F.  curve 

~  ^~  Area  of  single  E.M.F.  curve  X  number  of  slots  per  pole  per  phase. 
In  a  3-phase  alternator  having  three  slots  per  pole  per  phase  and  a 
pole  arc  equal  to  0.65  times  the  pole  pitch  the  values  of  li,,  and  k^  are 
1.04  and  0.96  respectively.  The  following  table  gives  the  values  of 
the  form  and  breadth  factors  for  the  usual  ratios  of  pole  arc  to  pole 
pitch  and  number  of  slots  per  pole  per  phase,  These  factors  have 
been  derived  on  the  assumption  that  the  depth  of  the  air-gap  is 
uniform  over  the  pole  face.  If  the  values  are  used  in  connection  with 
alternators  having  a  graded  air-gap,  the  error  introduced  will  be 
exceedingly  small. 


_^  [Table 
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\-AI.«ES  OF  k,r~ 

Pole  MC-=- pole  pilch    .... 

..o 

0.70 

1.06 

0.6S 
1.04 

0-55 

Fomifiu^or*,, 

,.„ 

,.<,, 

Valuss  of  k,f^ 

Slot!  per  pole  per  phase  —  f 

■ 

i 

4 

5 

0.9S7 

Breadth  factor  =  ;iy      .... 

0.966    0 

96      0.958 

Combining  equations  72,  73,  and  74,  and  substituting  for  T,  the  value 
-  where  p  is  the  number  of  pairs  of  poles,  the  expression  for  the 
E.M.F.  due  to  the  cross  magnetomotive  force  of  the  armature  is 
(i-cos*^)  JS  ^y^ 


EcM  =  4-5  x»o"**s  ■*!<■'**  ■ 


where 


.J.~.|^,i.»,^ 


•  kf 


X  I,  COS  ^, 

(75) 


m  =  number  of  phases. 

T  =  turns  in  series  per  phase, 

d,=  ideal  pole  breadth  in  centimetres. 

/f=ideal  pole  length  in  centimetres. 

£» radial  depth  ofair^p. 
Ig  =  current  per  phase. 

^  •=  angle  of  lag  of  current  behind  the  centre  of  the  pole. 
=  internal  phase  angle. 


(1— cos    -    ) 
-to  =  4.5*2.'6ic.  V- 1 


The  values  of  the  factor 


calculated  for  the  usual  values  of  a-  and  number  of  slots  per  pole  per 
phase,  and  are  tabulated  in  Table  XVIII. 


Pole  wc/FoIe  pitch  (ir)   ' 


0.75  ;  0.65 .  0,6    i  0.55  I  0.5 


1.47      1-37      128     1. 17     1.04 '196     0.9       0.81' 
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Value  of  Internal  Phase  Angle  ^,. — From  equation  71  it  will 
be  seen  that  the  armature  demagnetising  ampfere-tiims  AT^n  is  a 
function  of  the  internal  phase  angle  i^j,  the  value  of  which  must  be 
known  before  ATdm  can  be  calculated.  In  order  to  obtain  an  ex- 
pression for  the  angle  ^j  it  is  necessary  to  construct  the  vector  diagram 
of  Figure  207  showing  the  phase  relation  of  the  various  E.M.Fs.  in- 
volved. The  terminal  voltage  E  is  represented  by  the  vector  OA 
drawn  ^  degrees  in  advance  of  the  current  vector  01.  The  drop  in 
volt^e  e,  due  to  ohmic  resistance  is  represented  by  AB  drawn 
parallel  to  01.  The  vector  BC  represents  the  voltage  e,  consumed  in 
armature  self-induction,  and  since  it  must  be  in  quadrature  with  the 
current  is  drawn  at  right  angles  to  AB.  AC  then  gives  the  voltage 
drop  due  to  armature 
_.§ — ®s__2__^«!i?r_^0  impedance,  while  OC, 
the  resultant  of  OA, 
AB,  and  BC,  represents 
the  electromotive  force 
E,  virtually  induced  in 
each  phase  of  the  arma- 
ture winding.  The  volt- 
age E,  can  be  con- 
sidered as  the  resultant 
of  two  separate  elec- 
tromotive forces  E(3, 
and  E,  induced  by  the 
flux  *cii  of  cross  mag- 
netisation and  main- 
field  flux  respectively. 
Since  these  two  fluxes 
are  in  quadrature,  the  voltages  Ed,  and  E,  will  always  be  at  rightangles, 
and  the  diagrammatic  representation  of  the  three  voltages  E^  E^h,  and 
E,  must  always  make  up  a  right-angled  triangle.  The  point  P  must 
therefore  lie  on  the  semicircle  OPC.  Suppose  for  a  moment  that  the 
point  P  is  determined  in  position,  then  if  OP  be  produced  to  meet 
BC  produced  in  D,  it  is  evident  that  the  angle  PCDi=^i  and  that  CD 
=  Ec„/cos  ^.  But  the  angle  lOP  also  -  ^ ;  hence  if  CB  be  produced 
to  meet  01  in  G,  the  expression  for  the  angle  ^  is  obtained  thus 
_  GBjfB£+CD 
"OG  OG^ 

Esin<A-i-tf,-H-~- 

"      '     cos  <^, 

E  COS  ^  -H  e. 


Fig.  ao7. 


ton^i  =  y^= 


(Esin^-l 


f^  + 


cos  ^,^ 


■  •  (76) 
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The  value  of  — '-^  can   be  calculated  from  equation  75,  all  the 
cos  *i  ^  /5. 

factors  being  known  except  cos  ^j.  From  the  above  vector  diagram 
it  will  be  observed  that  the  cross  E.M.F.,  so  far  from  having  any 
direct  effect  in  causing  a  fall  of  terminal  voltage  under  load,  slightly 
increases  the  voltage,  the  distortion  of  the  main  flux'being  accompanied 
by  an  increase  in  the  form  factor.  In  subsequent  calculations  this 
slight  increase  in  terminal  voltage  due  to  Ech  will  be  neglected.  The 
cross  E.M.F.  has,  however,  a  most  important  indirect  effect,  inasmuch 
as  it  partly  determines  the  magnitude  of  the  internal  phase  angle  ^, 
upon  the  sine  of  which  depends  the  value  of  the  armature  demag- 
netising ampere-turns.  Hence  to  predetermine  the  latter  with  any 
degree  of  accuracy  the  transverse  electromotive  force  must  be  taken 
into  account  in  calculatii^  the  angle  ^y. 

Example. — From  the  following  data  relating  to  a  600-K.V.A., 
3300-volt,  50  ~,  3-phase  alternator  calculate  the  demagnetising  ampere- 
turns  per  pole  and  the  cross  E.M.F,  for  a  power  factor  cos  ^  =  0.8. 

Armature  current  per  phase  (I,) ,     .     .  =  105  amperes. 

Terminal  volts  per  phase  (E) .     .     .     .  =1900, 

IR  volts  per  phase  (e,) =  30. 

Reactance  voltage  per  phase  {«,)...  —  1 44. 

Turns  in  series  per  phase  (T).     .     .     .  =192, 

Slots  per  pole  per  phase  ig)    .     ■    .    ■  =3. 

Number  of  pairs  of  poles  0»)  .     .     .     .  =12. 

Radial  depth  of  air-gap  (S)      ....  =0.65  cm. 

Ideal  pole  breadth  (6^ =  18.5  cms. 

Ideal  pole  lei^th  (/„)• -32  cms. 

Pole  arc -r pole  pitch  (<r) =0-65. 

*. -'-u 

From  equation  75, 


cos  ^,  / 


b,.l, 


12  1.14       0.65 

{k,=  t.04  from  Table  XVIIl.  page  273] 
For  cos  ^  =  0.8,  sin  ^<=o.6,  so  that  internal  phase  angle 


^  — tan' 


(Esin^  +  C+-~-^\ 
Ecos^  +  *,.       / 


=  tan-i(!??^°-«-!-^4^+  4.°«)  =  tan-i  1.05-46  degrees 
^        1900x0.8  +  30  ^ 
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Demagnetising  ampfere-turns  per  pole  are 

sin  ~-v 
ATo„  =  o.4S  .*,.»(.  T, .  I,  sin  ^ '- 

3 

i6; 


h 

=  0.96;  Ti 

192^ 

sin*, 

=  sin  46  =  0 

7! 

sin 
and  — 

ATi,„='0.45  xo.<j66x3x  16 x  105  x 0.720x0.83 
=  1350  ampere-turns. 
E.M,F.  due  to  cross  fliut 


COS  *, 


<coa  *,  =  400x0.69  =  275  volts. 


Determination  of  Regulation  when  Reactions  are  known. 

— When  the  \r  drop,  the  reactance  volt^e,  and  the  demagnetising 
ampere-turns  are  Itnown  the  pressure  regulation  or  an  alternator  at  any 
given  power  factor  may  be  derived  as  foUows.    Referring  to  Figure  308, 


Fic.  309. 


the  field  amptre-tums  OC  necessary  to  produce  the  no-load  terminal 
voltage  OE  can  be  obtained  from  the  open-circuit  characteristic  OJ, 
the  data  necessary  to  plot  the  curve  being  easily  calculated  when  the 
dimensions  of  the  machine  are  known.  When  on  load  the  internal 
voltage  Et  to  be  generated  by  the  flux  crossing  the  air-gap  can  be 
obtained  from  the  vector  diagram   in  Figure  Z09,  and  in  order  to 
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generate  the  electromotive  force,  OC^  ampfcreturns  are  necessary. 
The  ordinate  FD  =■  EEf  represents  the  E.M.F.  consumed  in  armature 
impedance.  When  the  alternator  is  fully  loaded,  let  CjCg  represent 
the  excitation  required  to  overcome  the  demagnetising  M.M.F.  of  the 
armature,  then  OC3  ampfere-turns  are  required  at  full-load  to  produce 
the  same  6ux  as  OCj  at  no-load,  and  therefore  induce  an  internal 
voltage  OEf  giving  a  terminal  P.D.  of  OE  volts  at  fulMoad.  Hence, 
if  at  fuH-load  an  excitation  of  OC3  amp&re-turns  are  necessary  to 
maintain  a  terminal  P.D.  of  OE  volts,  then  when  the  load  is  thrown  off 
the  terminal  volts  will  rise  to  OE^.  The  rise  of  pressure  AB  ( =  EEj) 
when  expressed  as  a  percentage  of  the  normal  terminal  volts  ^ves  the 
r^^ulation  of  the  machine  according  to  the  second  method  of  specifi- 
cation (p.  251),  B  being  a  point  on  the  full-load  saturation  curve.  In  a 
similar  manner  the  points  B',  B*,  and  B"  corresponding  to  other  excita- 
tions can  be  determined  and  the  curve  B",  B',  B',  B  formed  by  joining  up 
the  points  gives  the  load  characteristic  for  a  power  factor=  cos  ^.  The 
equation  to  the  induced  E.M.F.  per  phase  can  be  approximately 
determined  from  the  vector  diagram  of  Figure  209,  where  OA,  AB,  BC, 
and  OC  have  the  same  meaning  as  in  Figure  207,  and  AA'  and  BB' 
are  drawn  perpendicular  and  AH  parallel  to  OC.  The  phase  angle 
between  OA  and  OC  will  be  very  small,  and  hence  can  be  n^lected. 
The  induced  E,M.Fj  per  phase  is 

E,=OA'  +  A'B'  +  B'C 

=  OA  +  ABcos  HAB  +  BC  sin  B'BC 

Now,  cos  HAB  =  cos  ^ 
and  sin  B'BC '' sin  ^ 
Hence  the  induced  E.M.F.  per  phase  is  approximately  expressed  by 

Ei=E+I.r.  cos^  +  e.sin  ^ (77) 
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ALTERNATORS:  — SYNCHRONOUS  IMPEDANCE  — REGULA- 
TION TESTS— COMPOUNDING  AND  SUDDEN  SHORT- 
CIRCUITS 

Synchronous  Impedance. — In  the  vector  diagram  of  Figure  30; 
the  E.M.F.  due  to  armature  self-induction  has  been  considered  as 
combining  with  the  induced  E.M.F.  in  the  proper  phase  relation. 
Strictly  speaking,  they  do  not  in  reality  combine,  but  their  respective 
magnetic  fluxes  combine  in  the  armature  core.  The  component 
E.M.Fs.  are  therefore  imaginary,  though  their  resultant  is  real. 

Referring  to  Figure  210,  let  the  vectors  OE  and  01  represent  the 
J,  _    terminal    E.M.F.    and    armature    current 

respectively,  the  current  vector  lagging 
behind  OE  by  an  angle  <^.  The  E.M.F. 
of  self-induction  is  in  quadrature  with  the 
current,  and  is  represented  by  O^^  With 
a  lagging  current  the  reactance  voltage  will 
be  more  than  90  degrees  behind  the  vector 
of  terminal  voltage,  and  has  therefore  a 
component  Oe  tending  to  diminish  the 
terminal  pressure.  With  a  leading  current 
the  component  of  the  leakage  E.M.F.  in 
phase  with  the  induced  voltage  acts  in 
the  same  direction  as  the  latter,  and  therefore  increases  the  terminal 
voltage  The  E.M.F.  of  self-induction  has  therefore  the  same  effect 
as  the  "true  armature  reaction,"  and  for  this  reason  they  may  be 
treated  collectively  and  referred  to  as  the  synchronous  reactanct  of  the 
armature.  Since  this  term  includes  the  effect  of  the  armature  demag- 
netising M.M.F.,  it  is  not  a  true  reactance  in  the  ordinary  meaning  of 
the  word,  but  merely  an  equivalent  reactance.  If  the  synchronous 
reactance  be  denoted  by  r„  then  when  it  is  combined  with  the  resist- 
ance r,  of  the  armature  the  expression  JrJ^+'r^  is  obtained.  This 
expression  is  termed  the  "  synchronous  impedance,"  and  will  be  denoted 
by  B„  i.e.  z,  =  Jr/  +  r^.  In  general  the  resistance  r,  will  be  small  com- 
pared with  r„  so  that  for  practical  purposes  the  synchronous  impedance 
may  be  taken  as  equivalent  to  the  synchronous  reactance. 
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When  the  components  r,  and  r,  are  known,  then  for  any  power 
factor  cos  ^  the  tenninal  P.D.  in  terms  of  the  armature  current  1  is 
derived  as  follows.  Refening  to  Figure  zit,  draw  from  O  the  vectors 
OR  and  OL  at  right  angles  to  represent  the  quantities  \r,  and  \r. 
respectively.  Their  vector  sum  OZ  then  represents  the  voltage  con- 
sumed in  the  synchronous  impedance  of  the  armature.  For  an 
inductive  load  the  terminal  voltage  will  be  in  advance  of  the  current, 
and  is  represented  by  OE,  ^  degrees  in  advance  of  the  current  vector 
01.  Since  the  magnitude  of  OE  is  equal  to  the  vector  difference  of 
the  normal  induced  voltage  OE,  (obtained  from  the  no-load  saturation 
curve)  and  the  E.M.F.,  OZ,  consumed  by  the  impedance,  the  point  E, 
is  determined  by  constructing  the  triangle  OEE^  in  which  EE,  is 
drawn  equal  and  parallel  to  OZ.  An  inspection  of  the  digram  shows 
that 

0E,«  =  OES  +  EE,»  +  2  OE  .  EE,  cos  ZOE 


Hence  the  terminal  voltage  E  is  expressed  by 

OES  =  OE,"  -  EE,»  -  2  OE  .  EE,  cos  ZOE 
If  the  angle  ROZ,  which   is  constant  and  determined  solely  by  the 
constants  of  the  armature  and  not  by  the  load,  be  denoted  by  ^j,  then 
the  angle  ZOE  =  ^j  —  ^  and 

OE^ -K  2  OE  .  EE,  cos  (^  -  *)  =  OE?  -  EE,« 
i.e.  E»-l-2  Els.  cos{<^j-<^)  =  E,''-IV 
Adding  \t^  cos  (<^3  -  ^)  to  both  sides  of  the  equation 

E  +  Iz^  cos  {-frj  -  <^)  =  ./E^+lV  +  l^e,*  cos«~(*a-^); 


that  \i 


E  -  -JW}  -  \H^  +  1-3,^  cosi*  (i^j  -  *)  -  \s,  cos  (*2  -  ^) 
=  VE^ +TV{c^*~(*^  *T-^  -  Is.  cos  (*j  -  *) 
=  v'Ej+lV'sin^T^r-  *)  -  Is-  cos  (^\-  f) 
-  •/£..*  + 1*:,^  (sin  <f^  .  cos  ^  -  cos  <l>^sm  *)» 

-  ls„(cos  02  cos  0  +  sin  <pg  sin  0) 
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Now,  sin  ^^—  '  and  cos  ^a  =  —  ;  hence 

E=  v'E.2  -  P  (r,  cos  0  -  r/sm"^)^ - 1  (r,  cos  0  +  r,  sin  0)  .  ...(78) 
In  lai^e  alternators  r^  is  small  compared  with  «„  so  that  the  teiminal 
voltage  E  for  any  value  oF  current  is  approumately  expressed  by 

E=  s/E,^-(I'-,cos*)«-Ir,sin* 
=  s/E/-(I«.  cos*'^)  -  l2„  sin  0 

Regulation  Curres. — The  regulation  curve  of  an  alternator 
shows  for  any  particular  power  factor  the  variation  of  terminal  voltage 
as  the  current  output  is  increased  from   zero,  the  field   excitation 
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Fig.  312. — Load  curves  of  an  altenutor. 


remaining  constant.  If  E|  denote  the  open  circuit  E.M.F.  at  normal 
excitation,  then  the  terminal  F.D.  for  various  values  of  current  I  can  be 
determined  from  equation  78.  This  equation  represents  a  family  of 
ellipses  with  the  variable  parameter  ^  the  centre  of  the  ellipse  being 
at  the  origin  O  (F^ure  212).  When  ^=90  d^rees, — i.e.  when  the 
power  factor  is  zero 

E=E,-Ir, 

and  the  regulation  curve  will  be  a  straight  line,  as  shown  by  EFG. 
The  regulation  curves  for  other  power  factors  have  also  been  plotted, 
from  which  it  will  be  seen  that  the  terminal  P.D.  fallf;  off  much  more 
rapidly  on  inductive  loads  (^  being  positive)  than  on  non-inductive 
load  (cos  ^=  i),  and  may  increase  when  the  current  leads  with  respect 
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to  the  terminal  voltage.  At  low  power-factors  the  curves  become  more 
nearly  straight  lines  and  lie  closer  together,  thus  showing  that  for  inductive 
loads  of  low  power-factors  the  regulation  is  almost  equally  bad,  but 
that  for  power  factors  in  the  neighbourhood  of  unity  the  terminal  P.D. 
is  much  more  sensitive  to  changes  in  the  power  factor  of  Ihe  load.  The 
reason  for  this  is  that  the  demagnetising  action  of  the  armature  M.M.F. 
increases  approximately  in  proportion  to  sin  ^.  The  rate  of  increase 
of  sin  ^  is  rapid  when  ^  is  small,  and  decreases  as  sin  ^  approaches  its 
maximum  value  of  unity.  Thus  a  given  increase  in  the  value  of  ^ 
affects  the  regulation  to  a  greater  extent  when  the  actual  angle  of  lag 
is  small. 

The  theoretical  curves  Figure  ziz  show  the  regulation  from  open- 
to  short-circuit  with  constant  excitation.  In  practice,  however,  only  a 
small  portion  of  these  curves  can  be  obtained  from  modem  machines, 
as  it  is  undesirable  to  short-circuit  them  when  fully  excited.  In  the 
early  types  of  alternators  this  might  be  done  without  a  very  excessive 
short-circuit  current  being  obtained,  owing  to  the  high  value  of  the 
synchronous  reactance ;  whereas  in  machines  of  modern  design  the 
full-load  current '  is  obtained  on  short-circuiting  the  armature  with  the 
field  only  excited  to  about  30  per  cent,  of  the  full-load  value. 

Experimental  DeterminatioD  of  Short-circuit  Character- 
istic and  Synchronous  Impedance.— When  the  effective  armature 
resistance  r„  and  the  synchronous  reactance  r„  is  known,  then  the 
various  points  on  the  regula- 
tion curve  for  a  load  of  known 
power  factor  cos  ^  can  be  cal- 
culated from  equation  78.  To 
obtain  a  value  of  the  synchron- 
ous impedance,  and  from 
hence  the  synchronous  react-  | 
ance,  for  any  field  excitation,  | 
there  must  first  be  determined  ^ 
(i)  the  no-load  saturation  curve 
and  (a)  the  short-circuit  char- 
acteristic. 

The  short-circuit  character- 
isdc  of  an  alternator  is  a  curve 
connecting  the  field  excitation 
with  the  corresponding  values  of  current  obtained  on  short-circuiting  the 
armature  through  a  non-inductive  ammeter,  the  machine  being  driven 
at  approximately  constant  speed.  In  the  case  of  a  polyphase  alternator 
all  the  phases  are  short-circuited  and  an  ammeter  placed  in  each  phase, 
the  mean  reading  of  the  three  ammeters  being  taken  as  the  short-cir- 
cuit current.  The  short-circuit  characteristic  (see  Figure  313)  will  as 
a  rule  be  a  straight  line  for  excitations  up  to  about  70  per  cent,  of 
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the  full-load  value,  and  if  there  be  no  residual  magnetism  the  curve 
will  pass  through  zero.  In  order  to  get  rid  of  residual  magnetism  as 
much  as  possible,  the  machine  should  be  run  short-circuited  and  with 
no  held  excitation  for  some  time  prior  to  making  observations. 

When  a  short-circuit  current  traverses  the  armature  winding  it 
produces  a  demagnetising  effect,  and  an  equivalent  number  of  amptres 
must  be  sent  through  the  field  coils  to  compensate  for  it.  These  are,  of 
course,  proportional  to  the  value  of  the  short-circuit  current,  and  in 
Figure  213  for  an  armature  current  =  OB,  the  field  current  to 
compensate  for  the  demagnetising  action  is  represented  by  OCi-  If 
the  resistance  be  considered  negligible,  then  the  voltage  necessary  to 
maintain  the  short-circuit  current  OB  will  be  that  which  mast  be 
generated  to  overcome  the  armature  self-induced  E.M.F.  From  the 
open- circuit  saturation  curve  the  excitation  (=CD)  necessary  to  produce 
this  voltage  can  be  found,  and  when  CD  is  added  to  the  abscissa  BC 
the  point  D  will  fall  on  the  short-circuit  curve. 

Owing  to  the  reduced  permeability  of  the  armature  teeth  at  high 
inductions  the  inductance  decreases  with  increasing  excitation,  and 
hence  the  voltage  required  for  the  current  is  less  than  proportional  to 
the  short-circuit  current  This  would  mean  that  the  curve  would  bend 
up  away  from  the  abscissa  reference  axis  if  the  no-load  saturation 
curve  were  a  straight  line ;  but  the  voltage  increases  less  rapidly  than 
excitation,  so  that  the  combined  effect  of  saturation  is  to  keep  the 
short-circuit  curve  more  nearly  a  straight  line.  Whether  the  curve 
finally  bends  up  or  down  will  depend  upon  the  relative  saturation  of 
the  teeth  and  other  parts  of  the  iron  circuit. 

In  carrying  out  the  short-circuit  test  it  is  not  necessaf-y  to  maintain 
the  speed  exactly  constant ;  for  since  the  impedance  of  the  armature  is 
nearly  all  due  to  the  reactance  r„  it  will  be  proportional  to  the  frequency. 
Any  change  in  the  induced  E.M.F.  due  to  change  of  speed  is 
compensated  for  by  an  equivalent  increase  or  decrease  in  the 
reactance.  The  short-circuit  current,  when  the  machine  is  driven  at 
approximately  normal  speed,  thus  remains  constant  for  considerable 
speed  variations. 

The  open-circuit  and  short-circuit  curves  for  a  6zs-K.V.A.,  5300- 
volt,  as  '^,  3-phase  alternator  having  a  full-load  current  of  68  amperes 
have  been  plotted  in  Figure  2r4.  The  synchronous  impedance  at 
any  excitation  is  obtained  by  dividing  the  corresponding  value  of  the 
open-circuit  E.M.F.  by  the  short-circuit  current  produced  by  the 
same  excitation.  The  synchronous  impedance  obtained  in  this 
manner  is  shown  by  the  curve  so  marked,  from  which  it  will  be  observed 
that  it  is  not  "a  constant  value  but  decreases  as  the  excitation  is 
increased,  due  to  the  saturation  of  the  magnetic  circuit.  In  order  to 
produce  as  nearly  as  may  be  the  full-load  excitation,  and  to  obtain  as 
high  a  degree  of  saturation  in  the  field  magnet  system  as  possible,  it 
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is  important  to  take  the  short-circuit  current  as  high  as  the  heating  of 
the  winding  permits.     If  it  Is  found  impossible  to  obtain  points  on 
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Fig.  Z14. — Regulation  test. 

the  curve  right  up  to  the  full-load  excitation,  these  must  be  extra- 
pobted,  as  shown  by  the  dotted  part  of  the  short-circuit  curve  in 
Figure  214. 


To   PREDETERMINE  THE  REGULATION   FROM   THE  ShORT-CIRCUIT 

Characteristic 

The  regulation  and  load-saturation  curves  of  an  alternator  may  be 
determined  by  direct  experiment  if  a  suitable  load  and  a  sufficient 
amount  of  power  is  available  to  carry  out  the  test.  In  the  case  of 
large  alternators  the  power  necessary  for  testing  them  may  not  be 
available  until  they  are  permanently  erected  and  ready  for  service. 
Therefore  it  is  necessary  to  have  a  method  which  enables  the  terminal 
voltage  to  be  determined  for  any  current  and  power  factor.  An 
account  will  here  be  given  of  the  more  important  methods  which  have 
been  proposed  for  predetermining  the  regulation  of  alternators. 

Behn-Eschenburg's  E.M.F.  Method. — This  method  is  based 
upon  the  fact  that  when  the  open-circuit  sa.tur3tion  curve  and  the 
short-circuit  characteristic  are  known  the  synchronous  impedance  can 
be  computed  in  the  manner  described  above.  The  synchronous 
impedance  for  various  excitations  having  been  determined,  the  full-load 
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saturation  curve  at  zero  power  factor — i.e.  ^1=90,  may  be  obtained  by 
multiplying  the  value  of  the  synchronous  impedance  at  various 
excitations  by  the  full-load  current  and  subtracting  the  resultant  voltage 
from  the  corresponding  volts  on  the  open-circuit  characteristic.  In 
Figure  214  the  full-ioad  characteristic  for  cos  1^  =  0  has  been 
determined  in  this  manner,  the  data  necessary  to  plot  the  curves 
having  been  calculated  as  set  forth  in  Table  XIX. 


TAHtii  XIX.— Calculation  of  Rboolatiom  ov  Thrbb-Phasb  Altbknator 
62s  K.V.A.  5300  volis.  js"^  ISO  R-P.M. 

Open-circuit  saturation  twyejj^  T^XK  214. 
Shoit'Cireuit  charactenstic     ) 
FulMoad  current  =  68  amperes. 
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To  determine  the  load  curve  for  any  other  power  factor  between 
co;  ^  =  0  and  cos  ^  =  it  the  synchronous  impedance  s,  must  be 
resolved  into  its  two  components.  The  effective  resistance  r,  can  be 
readily  measured  experimentally,  in  which  case  the  synchronous 
reactance  r,  is  given  by  the  equation 


When  the  components  r,  and  /■„  have  been  thus  determined,  then  for 
any  power  factor  cos  ^,  the  terminal  volts  may  be  calculated  from 
equation  78.  In  Figure  214  there  have  been  drawn  the  full-load 
saturation  curves  for  power  factors  of  unity  and  0.85. 

The  objection  to  this  method  is  that  the  value  of  the  synchronous 
reactance,  obtained  from  the  short-circuit  and  open-circuit  character- 
istic comes  out  too  large.  This  is  due  to  the  fact  that  in  determining 
the  shortK:ircuit  curve,  the  machine  is  working  with  a  much  under 
excited  field,  or  with  a  very  excessive  armature  current,  both  of  which 
circumstances  would  give  rise  to  a  greater  armature  reaction  than 
would  occur  under  normal  conditions.     Further,  since  the  short-circuit 
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current  is  practically  a  wattless  lagging  current,  its  maximum  value 
will  occur  when  the  armature  coils  are  in  such  a  position  relative  to 
the  poles  that  the  demagnetising  ampfere-tums  are  most  effective, 
{see  Figure  1 99).  This  causes  the  armature  reaction  to  be  still  further 
exa^erated.  Alternators  working  under  normal  conditions  of  load  are 
therefore  found  to  give  belter  regulation  than  would  be  predicted  from 
the  experimental  value  of  the  synchronous  impedance. 

Rothert's  Amp^e-turn  Method.— By  the  previous  method 
the  r^ulation  is  determined  by  the  vectorial  summation  of  voltages :  a 
second  method,  which  consists  in  combining  vectorially  M.M.Fs.  or 
amptre-tums,  will  now  be  examined.  This  method  was  originally 
proposed  by  Rotbert  It  has  undoubtedly  the  advantage  of  investi- 
gating more  closely  the  existing  conditions  in  an  alternator,  and  has 
been  used  to  a  considerable  extent  by  designers. 

As  in  the  KM.F.  method,  the  open-  and  short-circuit  characteristics 
of  the  machine  are  supposed  to  be  known,  and  it  is  then  necessary  to 
consider  the  magnetic  flux  which  exists  when  the  alternator  is  short- 
circuited  with  its  full-load 

armature  current  flowiilg.      Y T.         ArmMuw  »nipm-<im«.  A 

The  "real"  E.M.F.  in- 
duced in  the  armature 
under  these  conditions  is 
simply  that  required  to 
overcome  the  ohmic  drop, 
ar>d  may  be  represented 
by  a  vector  of  direction 
OR  (Figure  315),  the  flux  inducing  this  voltage  being  represented  by 
a  vector  OY  in  quadrature  with  it.  Further,  the  shori-drcuit  current 
produces  the  flux  of  leab^e  inductance,  which  may  therefore  be  repre- 
sented by  OX  in  phase  with  OR.  The  resultant  OZ  of  the  fluxes  OX 
and  OV  gives  the  flux  which  exists  in  the  armature  under  these 
conditions.  This  actually  existing  flux  is  due  to  the  resultant  of  the 
M.M.Fs.  acting,  namely,  the  field  amp&re-turns  and  the  armature 
ampire>tums.  The  following  diagram  of  ampere-turns  can  therefore 
be  constructed : — 

From  the  open-circuit  characteristic  there  is  found  the  amp^re- 
tums  to  produce  the  flux  OZ  (the  speed  and  number  of  armature  turns 
bdi^  known) ;  and,  therefore,  by  altering  the  scale  of  the  diagram  the 
vector  OZ  may  be  taken  to  represent  these  ampt;re-tums.  From  Z  is 
then  diawn  the  vector  ZA  parallel  to  OX  and  equal  in  magnitude  to 
the  full-load  ampere-turns  of  the  armature.  The  closing  side  OA  of  the 
triangle  represents  the  field  ampfere-tums  when  full-load  short-drcuit 
current  is  flowing.  Conversely,  if  the  leakage  flux  is  not  known  in  the 
first  instance,  AZ  representing  the  armature  ampire-tums  may  be 
drawn,  and  a  circle,  with  radius  AC  equal  to  the  corresponding  number 
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of  field  amp&re-tums,  described  about  A  as  centre.  The  right-angled 
triangle  OYA  may  then  be  constructed,  the  length  OY  equal  to  the 
ampfere-tums  for  the  resistance  drop  being  derived  from  the  no-load 
saturation  curve.  As  a  rule,  the  resistance  drop  will  be  very  small,  so  that 
the  vector  OY  is  small  and  OA  will  be  approximately  equal  to  YA. 
Hence  on  short-circuit  the  sum  of  the  armature  ampere-turns  and  those 
corresponding  to  the  leakage  inductance  are  very  nearly  equal  to  the 
field  ampfere-turns-  The  armature  ampbre-turns  may  thus  be  obtained 
from  the  short-circuit  characteristic. 

^\'hen  an  alternator  is  supplying  current  to  an  external  circjiit  at 
a  definite  terminal  P.  D.,  a  similar  combination  of  M.M.Fs.  may  be 
made  by  considering  the  field  ampfere-tums  to  be  employed — 
(i)  In  driving  the  current  through  the  armature  itself,  and 
(2)  In  maintaining  the  given  terminal  pressure. 
Of  course  the  first  is  known  from  the  short-circuit  test,  and  the 
second  from  the  no-load  saturation  curve  of  the  machine.     The  vector 
diagram  will  then  be  as  in  Figure  216, 
OE  is  the  phase  of  the  normal  in- 
duced   E.M;F.,  ON,    in   quadrature 
with  OE,  the  ampbre-lurns  obtained 
from   the  saturation    curve,  for  the 
flux    required    to    induce   it.      OC, 
lading  by  the  angle  ^  (where  cos  ^ 
is  the  power  factor  of  the  circuit), 
represents     the    armature    ampfere- 
tums  corresponding  to  full-load  cur- 
rent and  as  found  from  the  short- 
circuit      characteristic.      NC,      the 
closing  side  of  the  triangle,  gives  the  field  ampfere-turns  required  to 
maintain  the  terminal  P.D.     Conversely,  to  find  P.D.  for  any  excitation 
and  load,  a  line  in  the  direction  OE  is  drawn,  and  differing  in  phase 
from  this  by  the  angle  ^,  a  second  line  representing  the  amp^re-tums 
aa  found  from  the  short-circuit  test.    Then  with  C  as  centre,  and  a 
radius  equal  to  the  field  amp&re-turns,  an  arc  is  described  cutting  OH 
in  N.     ON  then  gives  the  ampere-turns  available  for  maintaining  the 
terminal  pressure,  which  tatter  is  then  found  by  referring  to  the  open- 
circuit  characteristic. 

It  should  be  noted  that  this  vector  diagram  is  not  strictly  accurate, 
as  it  assumes  that  the  ampere-turns  consumed  by  the  armature  itself 
are  in  phase  with  the  armature  current,  or  in  other  words,  that  the 
vector  OA  (Figure  215)  lies  along  AY.  Since  the  ampere-turns  OY 
required  to  overcome  the  ohmic  resistance  of  the  armature  are  very 
small,  the  angle  OAY  is  not  more  than  10  degrees  in  modem 
machines,  and  hence  the  neglect  of  the  armature  resistance  in  this 
method  may  be  corrected  for  by  making  the  angl«  EOC  (Figure  316) 
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exceed  ^  by   lo  degrees;  or,  as  an  alternative,  the  E.M.F.  may  be 
considered  as  necessarily  to  be  increased  by  an  amount  equal  to  the 
component  of  the  resistance  drop  in  phase  with  it.     That  is,  ON  may 
be  taken  as  the  ampere-turns  required  to  induce 
E  +  Ir„  cos  0  volts 

When  the  sides  ON  and  NC  of  the  triangle  are  known,  the 
regulation,  at  full-load  and  power  factor  cos  <^,  may  now  be  computed 
from  the  no-load  saturation  curve.  Refetrtng  to  the  saturation  curve 
of  Figure  a  1 7,  let  OC  represent  the  excitation  corresponding  to  a 
normal  induced  E.M.F.,  OE.  To  compensate  for  the  voltage  drop 
EE,  (  =  !'■„  cos  1^)  due  to  the  resistance  of  the  winding,  the  excitation 
must  be  increased  to  OCi-  Marked  off  along  the  horizontal  axis  is  a 
length  OCj,  which  represents  the  ampfere-tums  at  full-load,  the  value  of 
OCj  being  obtained  graphically 
as  in  Figure  it6.  Since  OEj 
is  the  open-circuit  E.M.F.  cor-  & 
responding  to  the  excitation  E: 
OC,  the  rise  in  terminal  P.D.  E 
between  full-load  and  no-toad  is 
represented  by  the  length  EEj. 
Further,  if  from  a  point  F  on  *: 
the  saturation  curve  correspond-  ^ 
ing  to  normal  no-load  excitation, 
a  line  be  drawn  parallel  to  the 
horizontal  axis  to  meet  C,A  in 
G,  then  G  will  be  a  point  on 
the  fiill-load  saturadon  curve 
for  the  particular  power  factor 
for  which  AT  is  calculated. 

This  method,  like  the  previous  one,  is  only  capable  of  giving 
approximate  results.  The  actual  flux  through  the  armature  is 
more  than  that  corresponding  to  ON  in  virtue  of  the  secondary 
leakage  that  must  be  balanced  by  the  main  field,  and  this  leakage  has 
only  been  taken  into  account  by  grouping  it  with  the  armature  reaction 
proper.  Further,  the  leak^e  from  the  field  magnets  is  that  correspond- 
ing not  to  ON  but  to  the  total  number  of  ampfere-turns  CN,  and  with 
highly  saturated  poles  the  leakage  from  the  magnet  will  be  greater  than 
has  been  assumed.  The  field  ampfere-turns  AT^  at  full-load  will, 
when  calculated  by  this  method,  be  less  than  that  actually  required, 
although  by  the  selection  of  suitable  correction  coefficients  the  diagram 
has  been  widely  applied  for  deducing  the  regulation  of  alternators. 
The  correction  factors,  which  take  into  account,  for  instance,  the 
increased  field  and  armature  leakage  at  full-load,  may  be  obtained  as 
the  result  of  tests  of  different  types  of  machines. 
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Without  the  use  of  the  arbitrary  corrections,  the  simple  vector 
diagram  gives  values  of  the  terminal  voltage  considerably  in  excess  of 
those  that  are  obuined  by  a  direct  test.  The  discrepancy  between  the 
predicted  regulation  and  the  actual  is  more  marked  with  strongly 
saturated  poles  than  is  the  case  when  normal  excitation  is  on  the 
"  knee  "  of  the  saturation  curve.  Rothert's  method  has  therefore  the 
opposite  effect  to  that  of  the  open-  and  short-circuit  curve  method  of 
Behn-Eschenburg,  which,  as  has  already  been  explained,  tends  to 
predict  worse  regulation  than  the  machine  possesses. 

Separation  of  Armature  Reaction  into  Two  Components. — 
As  already  stated  neither  of  the  two  previous  methods  of  determining 
the  voltage  regulation  gives  accurate  results.  Behn-Eschenburg's 
method  is  unsatisfactory  in  that  the  entire  armature  reaction  is  treated 
as  producing  an  electromotive  force  of  self-induction ;  whereas 
Rolhert's  method  is  at  fault  because  all  the  armature  reaction  is  repre- 


sented as  having  a  demagnetising  effect.  Referring  to  Figure  218, 
with  the  former  method  the  load  curve  is  obtained  by  shilling  the  open- 
circuit  characteristic  downwards  through  a  distance  AB  to  allow  for  a 
constant  voltage  drop,  whereas  with  the  arap^re-turn  tnethod  the  no- 
load  curve  is  shifted  a  constant  distance  to  the  right  (Figure  219)  to 
allow  for  a  constant  demagnetisation.  For  an  accurate  predetermina- 
tion of  the  terminal  voltage  under  different  loads,  especially  if  the 
magnetic  circuit  be  strongly  saturated,  it  is  necessary  to  separate  the 
effect  of  the  armature  demagnetising  amp&re-tums  from  that  due  to 
leakage  reactance. 

Wattless  Current  Method. — In  this  method  of  distinguishing 
between  the  two  components  it  is  necessary,  in  addition  to  the  open- 
circuit  characteristic,  to  have  a  load  saturation  curve  for  approximately 
zero  power  factor.  This  second  curve  may  be  obtained  by  connecting 
the  alternator  to  one  or  more  choking  coils  or  to  an  under-excited 
synchronous  motor,  so  that  the  current  taken  by  the  latter  is  practically 
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wattless.  The  field  excitation  of  the  alternator  is  reduced  step  by  step, 
and,  with  the  current  circulating  between  the  two  machines  maintained 
at  the  full  load  value  I,  the  corresponding  terminal  voltages  are  observed. 
In  Figure  220  the  lower  curve  BD  gives  the  load  characteristic  for 
zero  power  factor,  the  top  curve  OA  being  the  characteristic  on  open- 
circuit.  The  point  B  where  the  wattless  current  curve  cuts  the  abscissa 
reference  axis  can  always  be  obtained  from  the  short-circuit  test 

With  an  armature  current  lagging  approximately  90  degrees  behind 
the  induced  E.M.F.,  the  amp&re-turns  of  the  armature  are  nearly  alt 
demagnetising ;  and  if  T.  denote  the  armature  turns  per  pole,  I.  the 
armature  current,  T/  the  field  turns  per  pole,  then  for  any  value  of  field 
current  OC  =  I/  the  current  which  must  be  sent  through  the  field 
winding    in    order  to   counterbalance    the    armature    demagnetising 

magnetomotive  force  •=  -4r-^  =  I/*     If  from  any  point  G  on  the  wattless 

current  curve  BD  there  be  drawn  a  horizontal  line  Q>Yi  =  \j,  then  the 
ordinate  }K  passing  through 
the  point  H  would  represent 
the  E.M.F.  induced  in  the 
armature  winding  by  a  mag- 
netic flux  corresponding  to 
(I^Ty  -  I,T,)  ampfere  -  turns. 
The  voltage  e^  due  to  leakage 
reactance  is  represented  by  the 
ordinate  HK,  and  is  given  by 
the  difference  between  the  in- 
duced E.M.F.,  JK  and  the 
terminal  voltage  JH(-CG>  e. 
having  been  determined,  the  self- 
induction  of  the  armature  can 
be  calculated  from  the  equation 

T  e^  Fig,  320. 

Since  the  inductance  has  not  a  constant  value  but  varies  with  the 
internal  phase  angle,  it  follows  that  this  method  of  analysis  can  only 
give  the  inductance  approximately.  When  the  power  factor  is  zero,  the 
amplitude  value  of  the  current  occurs  when  the  sides  of  an  armature 
coil  are  nearly  midway  between  the  poles.  Consequently  the  flux  of 
self  induction  is  smaller  than  would  be  the  case  if  the  maximum  value 
of  the  current  were  reached  when  the  conductors  are  under  the  pole 
face.  The  difference  in  the  inductance  in  these  two  positions  may  be 
quite  considerable. 

Kapp's  Method.— A  great  drawback  to  the  above  method  is  that 
^ther  a  synchronous  motor  or  choking  coils  capable  of  taking  approxi- 
mately full-load  current  at  from  three-quarters  to  full  voltage  must  be 
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provided.  With  the  object  of  avoiding  the  necessity  of  providing  such 
special  apparatus,  and  eliminating  the  inaccuracy  of  the  graphical 
construction.  Professor  Kapp*  has  devised  the  following  test  for 
analysing  armalure  reaction  in  star-connected  3-phase  alternators. 
The  principle  of  the  test  is  to  run  the  machine  on  short-circuit  and 
to  so  regulate  the  excitation  that  the  current  in  one  particular  phase 
remains  the  same  whilst  the  number  of  phases  included  in  the  circuit 
is  varied.  By  varying  the  current  in  the  other  phases  the  demagnetising 
M.M.F.  of  the  armature  is  also  varied,  whilst  at  the  same  time  the 
reactance  voltage  of  the  "particular  phase"  in  which  the  current  is 
maintained  constant  does  not  vary.  Since  the  open-circuit  E.M.F.  is, 
neglecting  the  small  correction  due  to  armature  resistance,  the  sum  of  the 
reactance  voltage  and  the  drop  produced  by  the  armature  demagnetising 
M.M.F.,  the  two  effects  can  be  separated  by  taking  readings  under  two 
different  conditions. 

In  Figure  aar  the  current  in  phase  I  b  kept  the  same  whilst  it  is 
varied  in  the  other  two.  The  neutral 
point  O  is  connected  by  switches  S[,  S^ 
and  Sj  with  the  3-phase  terminals,  an 
ammeter  A  being  inserted  in  phase  I. 
The  machine  is  run  at  its  rated  speed, 
the  switch  Sj  closed,  and  the  excitation 
adjusted  so  that  about  full-load  current 
flows  through  phase  I.  The  excitation 
is  noted,  and  the  corresponding  E.M.F. 
taken  from  the  no-load  characteristic 
The  switches  Sj  and  Sj  are  then  closed. 
This  causes  short-circuit  currents  to  flow  in  phases  II  and  III  as  well  as 
in  phase  I,  and  the  demagnetising  action  of  the  armature  on  the  field  is 
thereby  increased  so  that  the  ammeter  A  will  now  indicate  a  smaller 
current  than  previously.  To  bring  back  the  cunent  to  its  initial  value 
it  is  necessary  to  increase  the  excitation  and  observe  the  corresponding 
E.M.F.  from  the  open-circuit  curve.  These  two  E.M.F.  readings  and 
one  current  reading  are  all  that  are  required  to  separate  the  two  com- 
ponents ;  but  to  eliminate  errors  of  observation  it  is  necessary  to  take 
several  readings  for  different  currents — in  fact,  to  plot  the  short-circuit 
characteristics  for  one  phase  and  for  three  phases  in  action.  Let  AT, 
and  ATj be  the  field  ampfereturns  corresponding  to  a  particular  current 
I„  when  one  and  when  three  phases  respectively  are  in  action.  Also 
let  AToH  =  CI.  denote  the  demagnetising  ampere-turns  of  the  armature, 
C  being  a  constant,  and  let  AT,  represent  that  excitation  which  will 
produce  an  E.M.F.  e,  just  sufficient  to  counterbalance  the  reactance 
voltage.  Since  I.  is  the  same  in  every  phase  the  two  tests  give  the 
following  equations : — 

■  /(«/.  bJ  Bled.  Engineers  (1909),  vol.  xlil  p.  703. 
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AT,  =  AT,  +  AT„„ 

AT3  =  AT,  +  3AT„„ 

Hence,4IVzATi  =  aT„„  ^  Ki. 

and  AT,  =  34X1- ATg 

From  the  no-load  saturation  curve  there  is  obtained  the  value  of 
e,  corresponding  to  AT„  and  hence  the  reactance  per  phase  is  expressed 
by 

aa-~L  =  ^ 

Measurement  of  Leakage  Reactance  with  Rotor  Present 

— To  obtain  what  is  known  as  the  stationary  reactance  of  an  alternator, 
full-load  current  at  the  proper  frequency  is  sent  through  the  armature 
winding  and  the  Geld  magnets,  which  are  fixed  in  a  definite  position, 
excited  to  their  normal  value.  The  P.D.  is  then  measured  at  the 
annature  terminals  and  the  reactance  calculated  from  the  equation 

The  voltage  E  besides  including  a  component  to  overcome  the  true 
armature  impedance  Z.  has  a  second  component  which  balances  the 
electromotive  force  set  up  by  the  cross  magnetic  flux  of  the  armature. 
When  the  inductance  of  an  armature  is  measured  with  the  rotor  in 
position,  the  value  obtained  will  thus  include  the  inductance  due  to  the 
cross-magnetic  flux  $cu'  Now  the  cross  flux  varies  for  different 
positions  of  the  poles  relative  to  the  coil  sides,  being  a  maximum  when 
the  poles  are  directly  under  the  the  coil  sides  (Figure  198)  and  a 
minimum  when  the  coil  sides  are  midway  between  poles  (Figure  199). 
By  this  method  of  measurement,  the  position  of  maximum  inductance 
will  generally  occur  when  the  coil  sides  are  approximately  under  the 
pole  centres,  the  smallest  value  occurring  when  the  coil  sides  are  mid- 
way between  poles.  If  the  inductance  be  measured  with  the  armature 
in  various  positions  relative  to  the  poles,  a  wavy  curve  such  as  is  shown 
in  Figure  222  will  be  obtained,  the  curve  repeating  itself  twice  in  each 
alternator  period.  The  exact  position  where  the  crest  value  occurs  will 
depend  upon  the  saturation  of  the  armature  teeth,  the  length  of  the 
pote  face  arc,  the  material  of  the  pole  shoes  (whether  laminated  or 
solid),  and  the  shape  of  the  slots. 

For  a  given  position  of  the  coils  relative  to  the  poles,  the  inductance 
has  not  a  constant  value  but  varies  with  the  phase  angle.  If  the  power 
factor  be  zero  the  maximum  or  crest  value  of  the  current  curve  occurs 
when  the  coil  sides  are  nearly  midway  between  the  poles.  Consequently, 
the  selfinduced  ilux  is  smaller  than  would  be  the  case  if  the  maximum 
value  of  the  current  were  reached  when  the  coil  sides  are  opposite  the 
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middle  of  the  poles,  that  is,  when  the  power  factor  is  unity.  When  the 
machine  is  at  work  with  some  such  power  factor  as  cos  0  =  0.8,  the 
crest  of  the  cuirent  wave  will  occur  at  about  the  moment  the  coil  sides 
are  near  the  edge  of  the  poles,  and  consequently  the  average  inductance 
will  lie  somewhere  between  these  extreme  limits.     When  the  values  of 


r,  have  been  determined  for  different  pole  positions,  the  average  value 
is  generally  taken  as  the  self-induction  of  the  winding  when  the  alternator 
is  normally  loaded. 

Measurement  of  Leakage  Reactance  with  Rotor  Absert 
— To  measure  that  component  of  the  armature  reaction  which  is  due 
solely  to  the  armature  leakage  flux,  the  magnet  wheel  should  be  re- 
moved so  as  to  include  none  of  the  true  cross  lines  due  to  the  distorting 
component  of  the  armature  M.M.F.  When  the  rotor  is  removed  from 
the  stator  and  an  alternating  current  of  the  proper  frequency  sent 
throt^h  the  windings  of  the  latter,  the  flux  interlinked  with  the  stator 
winding  can  be  divided  into  four  parts — 

1.  The  flux  inside  the  slots. 

2.  The  flux  across  the  tooth  heads. 

3.  "Hie  flux  associated  with  the  end-connections. 

4.  The  flux  passing  out  of  the  teeth  of  one  pole,  through  the  bore 
into  the  two  adjacent  poles  {f.e.  along  the  same  path  as  main  flux  when 
the  rotor  is  present). 

In  the  case  of  alternators,  which  have,  as  a  rule,  comparatively  large 
air-gaps,  the  fluxes  1,  2,  and  3  will  not  be  materially  different  when  the 
rotor  is  present  from  that  when  it  is  removed ;  but  the  part  4  only 
exists  as  3  leakage  flux  when  the  rotor  is  absent.  If  for  any  value  of 
armature  current  I.,  and  terminal  voll^e  E,  the  leak^e  inductance  be 
calculated  from  the  equation 


r  =  Vr,«-l-4*^-»V 
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then  values  obtained  Tor  L,  will  be  in  excess  of  the  true  value  that  is 
required  for  the  determination  of  the  fall  of  potential.  The  reason  for 
this  is  that  all  the  four  components  are  included  in  the  measured  value  of 
the  leakage  when  the  latter  is  taken  nith  the  rotor  removed.  Hence, 
if  such  a  measurement  is  to  be  used  for  ascertaining  the  leakage  fiux 
under  actual  conditions,  it  is  necessary  to  be  able  to  find  the  part  4 — 
which  may  teach  40  per  c^nt  of  the  total  leakage  flux — and  deduct 
it  from  this  measured  value.  The  remainder  can  then  be  taken,  with 
very  fair  approximation,  as  equal  to  the  actual  leakage  flux  when  the 
rotor  is  present 

Assuming  that  the  stator  mnding  gives  a  sinusoidal  curve  of 
M.M.F.,  M.  Schenkel  has  shown  *  mathematically  that  the  Bux  which 
passes  across  the  stator  bore  from  pole  to  pole  when  the  rotor  is 
removed  is  expressed  by 

*=  2  .  '*  - .  ACjI^  cgs.  lines 

where  AQ  =  sum  of  all  the  ampere  conductors  inside  a  half  pole  pitch. 
L,= gross  length  of  armature  core  in  centimetres. 
For  the  case  of  a  3-phase  winding  in  which  there  are  q  slots  per 
pole  per  phase,  and  Q  conductors  per  slot,  the  mean  value  of  the  flux 
in  the  bore  will  be 

*-a.i^.o.9iaf.CiI,L.  x  1.5 
10 

=  3.34^.Ci.I,L, 
where  I.  =  armature  current    Since   this  flux  rotates  with  a  speed 

R" — ^  it  will  induce  in  each  phase  of  the  stator  winding  an  E.M.F. 
P 

Eb  =  4.24-/?C,  *  X  io-«  volts 
=  i3-75-'/W{?Ci)'I<i«'*  ™lts 
For  a  star-connected  winding 

E.=  Ji:i3.7S~/.L^?C,)'I.io*  volts 
This  is  the  E.M.F.  which  must  be  deducted  from  the  voltage  (as 
measured)  required  to  send  the  current  I,  through  the  stator  winding 
when  the  rotor  is  removed.  The  remainder  will  then  represent  with 
fairiy  close  approximation  the  leak^e  voltage  conesponding  to  the 
current  I.. 

Compounding  of  Alternators 

As  has  been  previously  shown,  the  terminal  voltage  of  an  alternator, 
having  constant  field  excitation,  will  diminish  to  a  greater  or  less  extent 
with  increasing  load,  so  that  to  obtain  approximately  constant  terminal 
pressure  at  all  normal  loads  the  exciting  current  must  be  r^ulated 

*  Ehtlrataknii  und  MaschiaenbaM  (Feb.  38,  1909),  No.  17,  pp.  301-20S, 
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either  by  hand  or  by  some  form  of  automatic  gear,  such  as  the  Tirrill 
regulator.  These  methods  of  r^ulation  are  in  some  cases  not  the 
most  desirable,  as  a  certain  time  must  elapse  between  the  alteration 
in  the  terminal  voltage  and  the  adjustment  of  the  excitation.  An 
alternator  to  regulate  well,  when  subjected  to  rapidly  fluctuating  loads, 
must  respond  instantaneously  to  the  change  of  load,  and  to  obtain  this 
it  is  necessary  to  provide  a  compensating  field  winding  analogous  to 
the  series  winding  of  a  compounded  direct  current  dynamo.  In 
addition  to  the  constant  excitation  provided  by  the  ordinary  direct 
current  winding  on  the  poles,  there  must  therefore  be  another  source  of 
excitation  which  varies  not  only  with  the  magnitude,  but  also  with  the 
power  factor,  of  the  load.  Since  the  early  days  of  alternator  construc- 
tion many  attempts  have  been  made,  with  more  or  less  success,  at  a 
solution  of  this  problem,  but  only  a  limited  number  have  been  com- 
mercially successful.  According  to  the  principles  involved  the  more 
important  methods  of  compounding  alternators  are — 

1.  By  operating  upon  the  exciter  with  an  alternating  current  so  as 
to  increase  the  voltage  of  excitation. 

2.  By  maintaining  a  constant  field  excitation  and  utilising  the 
armature  M.M.F.  to  raise  the  induced  voltage. 

3.  By  supplying  a  rectified  current  to  the  main,  or  a  second,  field 
winding. 

( i)  OperatingupoQ  the  Exciter  with  an  Alternating  Current 
— Figure  223  illustrates  for  a  3-phase  revolving  field  type  alternator  a 


Fig.  223. — Rice's  compensaied 


compounding  arrangement,  devised  by  E.  W.  Rice,*  which  has  been 
adopted  by  the  American  General   Electric  Company.     The  device, 

*  Ekctrical  World,  April  27,  1907. 
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sometimes  referred  to  as  a  "compensated  exciter,"  utilises  the  effect 
which  armature  reaction  produces  upon  the  resultant  field  strength  of 
the  eiiciter.  Mounted  on  the  same  shaft  as  the  alternator  field  system 
is  the  armature  A  of  a  direct  current  exciter,  the  field  system  of  which 
is  provided  with  the  same  number  of  poles  as  the  revolving  field  poles 
of  the  alternator.  The  armature  of  the  exciter  is,  at  the  end  remote 
from  the  commutator,  connected  to  three  slip  rings  in  the  manner  of  a 
3-phase  converter,  the  field  of  the  exciter  being  shunt  excited  from  the 
direct  current  or  commutator  side.  The  main  current  of  the  alternator 
is  led  through  a  3-phase  series  transformer,  the  secondaries  of  which 
are  connected  to  the  exciter  armature  through  the  slip  rings.  A 
3-phase  current  proportional  to  the  load  and  in  phase  with  the  alternator 
current  is  thus  led  into  the  armature  of  the  exciter,  and  in  consequence 
of  the  synchronous  rotation  of  the  exciter  armature,  produces  a  magnetic 
effect  which  is  stationary  in  space  and  therefore  also  in  respect  to  the 
fixed  field  poles  of  the  exciter.  The  effect  of  this  reaction  depends  upon 
the  magnitude  and  phase  of  the  current  producing  it,  and  the  latter,  as 
is  the  case  with  armature  reaction  in  synchronous  motors,  strengthens 
the  field  if  the  current  is  lading,  weakens  it  if  leading,  and 
merely  produces  a  cross  magnetising  effect  if  in  phase  with  the 
normal  induced  E.M.F.  Hence,  if  the  field  winding  of  the  alternator 
be  connected  across  the  brushes  of  the  exciter,  its  excitation  will  auto- 
matically increase  as  the  load  in  the  main  circuit  increases,  and  also  as 
the  main  load  becomes  more  inductive,  conditions  which  are  essential 
for  maintaining  a  constant  terminal  voltage.  The  extent  of  the  "com- 
pounding action  "  depends  upon  the  relative  position  of  the  synchronous 
field  of  the  exciter  armature  and  the  field  poles,  and  in  order  that  this 
may  be  adjusted,  if  desired,  the  exciter  field  system  can  be  fitted  into  a 
circular  seating  cast  with  the  bed  plate,  and  rotated  through  an  angle 
in  space  by  suitable  gearing.  This  allows  the  amount  of  compounding 
for  a  load  of  any  given  power  factor  to  be  adjusted.  To  get  over  the 
difficulty  of  a  very  large  exciter  with  as  many  poles  as  the  alternator, 
the  former  may  be  driven  from  the  main  shaft  through  spur  gearing  and 
by  the  adoption  of  a  suitable  gear  ratio  it  will  be  possible  to  use  a 
4-pole  exciter. 

The  compounding  arrangement  now  adopted  by  Parsons  &  Co.  for 
their  turbo-alternators  is  another  example  coming  under  this  heading, 
and  is  shown  diagram matically  in  F^ure  324.  The  magnetic  circuit  of 
the  exciter,  generally  of  the  2-pole  type,  is  constructed  so  as  to  present 
to  the  fiuxgeneratedinthe  field  poles  an  alternative  path  F  of  laminated 
iron  which  is  in  parallel  with  the  main  path  through  the  armature. 
This  leakage  path  carries  a  winding  which  is  supplied  with  current  from 
the  secondary  of  a  current  transformer.  The  primary  of  the  latter  is 
excited  by  the  main  current  of  the  alternator.  The  alternating  current 
in  the  leakage  winding  will  therefore  vary  with  the  current  output  from 
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the  alternator,  and  as  the  load  increases  the  M.M.F.  throttles  the  lines 
of  force,  thereby  increasing  the  reluctance  of  the  leakage  paths.  More 
flux  will  go  through  the  armature,  thus  raising  the  voltage  of  the  exciter 
and  compensating  for  the  tendency  of  tlie  main  voltage  to  drop.     In 


Fig.  2Z4. 


a  3-phase  alternator  there  is  generally  one  leakage  path  in  each 
phase,  as  indicated  in  the  figure.  The  leakage  paths  can  be  adjusted 
for  any  desired  amount  of  compounding  or  for  any  power  factor. 
When  adjusted  the  compounding  will  however  only  be  correct  for 
one  particular  power  factor. 

(a)  Utilising  the  Armature  Magnetomotive  Force.— Figure 

225  illustrates  an  alternator  field  system  designed  so  as  to  utilise 

J-       — ^  armature  reaction  for 


Strengthening  the  field 
onloads  of  moderately 
high  power  factors. 
This  method  is  due 
to  Miles  Walker,  and 
has  been  worked  com- 
mercially  by  the 
British  Westinghouse 
Company.  Each  pole 
of  the  alternator  con- 
sists of  two  parts,  one 
of  which  is  saturated 
while  the  other  is  un- 
saturated. The  satur- 
ated part  canies  the  ordinary  field  winding,  and  there  may  or  may  not 
be  another  magnetising   coil   wound  round  the  whole  pole.      This 


Fig.  325,~WRtker's  cotnpensaln]  winding. 
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secondary  winding  may  be  necessary  for  varying  the  normal  voltage 
of  the  machine.  In  Figure  335,  the  broad  pole  ts  very  highly 
saturated  in  the  region  marked  by  the  shaded  lines,  whilst  the 
narrow  pole  on  the  right  is  unsaturated,  and  at  no-toad  carries  no 
flux.  If  the  field  system  rotates  in  an  anli-clockwise  direction  then, 
supposing  the  main  pole  under  consideration  to  be  of  S  polarity, 
the  direction  of  the  E.M.F.  induced  in  the  conductors  directly 
above  the  saturated  part  of  the  pole  will  be  away  from  the  observer, 
as  indicated  by  the  crossed  circles.  Any  current  in  the  armature 
winding  which  is  in  phase,  or  nearly  in  phase,  with  this  electro- 
motive force  will  set  up  a  cross  M.M.F.  which  tends  to  demagnetise 
the  saturated  part  of  the  pole  and  magnetise  the  unsaturated  part 
as  shown  by  the  arrows.  The  flux  in  the  saturated  part  cannot  be 
altered  to  any  appreciable  extent,  whilst  the  unsaturated  part  becomes 
highly  magnetised  by  the  cross-magnetismg  component  of  the  armature 
M.M.F.,  thus  increasing  the  E.M.F.  induced  in  the  armature  winding. 
When  the  armature  current  lags  behind  the  induced  voltage,  the  wattless 
component  =  I.  sin  ^j  will  tend  to  demagnetise  the  unsaturated  pole, 
while  the  power  component  =  I,  cos  ^  tends  to  magnetise  it,  so  that 
should  the  internal  phase  angle  ^^  exceed  a  certain  limit  the  M.M.F. 
due  to  the  current  T,  sin  ^j  will  be  greater  than  that  due  to  I,  cos  ^j, 
with  the.result  that  the  auxiliary  pole  becomes  magnetised  in  a  negative 
direction.  The  voltage  drop  will  then  be  greater  than  if  no  auxiliary 
pole  were  present.  This  method  of  compounding  can  only  be  effective 
where  the  power  factor  is  not  less  than  0.85.  With  very  large  tagging 
currents  decompounding  will  result,  so  that  this  method  is  quite  un- 
suited  for  generators  subjected  to  heavy  loads  at  low  power  factors. 
In  the  majority  of  generating  stations  the  power  factor  at  heavy  loads 
is  above  0.85,  and  at  that  power  factor  the  magnetising  effect  is  stronger 
than  the  demagnetising,  so  that  when  the  load  comes  on  the  voltage 
rises.  Owing  to  the  field  winding  t>eing  emt>edded  in  slots,  this  method 
of  compensation  readily  adapts  itself  to  turt>o-altemators  of  the  cylin- 
drical field  type,  and  the  Westinghouse  Company  have  constructed 
several  units  up  to  4000-K.V.A.  which  embody  these  principles. 

(3)  Rectifying  the  Exciting  Current — The  rectification  of  an 
alternating  current  into  a  direct  current  has,  up  to  the  present,  proved 
the  most  successful  method  by  which  the  compounding  of  alternators 
can  be  affected.  The  generator  may  then  be  made  either  self-exciting, 
or,  if  given  an  initial  excitation  from  a  source  of  direct  current,  can  be 
compounded  in  a  manner  analogous  to  that  adopted  in  direct  current 
machines.  When  the  latter  practice  is  adopted,  the  field  poles  must 
be  wound  with  two  circuits,  one  of  which  is  separately  excited  whilst 
the  other  is  self-excited  by  the  main  current  Referring  to  Figure  126, 
which  shows  the  principle  as  applied  to  a  single-phase  4-pote  alternator, 
the  rectifying  commutator  C  mounted  on  the  alternator  shaft  is  con- 
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structed  with  as  many  segments  as  there  are  poles,  alternate  segments 
being  in  electrical  contact  with  each  other.  The  compound  winding 
D — or  the  whole  field  winding  in  the  case  of  a  self-excited  machine — 
is  connected  between  two  adjacent  segments,  and  by  means  of  brushes 
Bj  £j  a  single-phase  current  is  led  into  the  synchronously  rotating 
commutator.  The  circuit  between  the  two  brushes  is  completed 
through  the  winding  D,  and  since  the  connections  between  the  latter 
and  the  brushes  are  reversed  at  each  reversal  of  the  alternating  current, 
the  compounding  coils  will  be  traversed  by  a  unidirected  but  pulsating 
current.  By  having  brushes  sufficiently  broad  to  bridge  over  the  in- 
sulation between  two  segments,  the  field  winding  will  be  short-circuited 
just  before  the  reversal  of  the  current  takes  place,  and  the  pulsations 
in  the  rectified  current  will  thereby  be  considerably  damped  by  the 
comparatively  lai^e  inductance  of  the  field  coils.  In  order  to  obtain 
sparkless  rectifiication,  the  connections  between  the  brushes  and  the 
windings  require  to  he  reversed 
I  at  the  instant  of  zero  current, 
so  th.it  the  brushes  must  be  very 
accurately  set.  Since  the  com- 
mutator rotates  in  synchronism 
with  the  field  system,  it  is  evident 
that  the  position  of  zero  current 
will  alter  with  the  power  factor 
of  the  load,  and  unless  the  brush 
position  he  adjusted  for  each 
Fm^  22g  change  of  power  factor  serious 

sparking  will  result.  Owing  to 
the  difficulty  of  obtaining  sparkless  working,  especially  where  large  cur- 
rents are  concerned,  this  arrangement  has  now  become  almost  absolete. 
Though  unsuited  for  single-phase  currents,  the  above  principles 
have  been  very  successfully  applied  by  A.  Heyland  to  the  self- 
excitation  and  compoundbg  of  3-phase  alternators.  By  employing 
more  phases  and  dividing  the  field  winding  into  several  parallel  sections, 
the  pulsations  of  the  exciting  current  can  be  considerably  diminished, 
while  the  tendency  to  spark  is  almost  eliminated  by  using  a  commutator 
with  several  segments  per  pole  per  phase.  Figure  227  illustrates 
Heyland's  arrangement  as  applied  to  a  6-pole  j-phase  setf-exciting 
alternator.  The  field  poles,  of  the  same  construction  as  for  an  ordinary 
alternator,  are  wound  with  a  four-circuit  winding,  the  ends  of  each  circuit 
terminating  in  a  commutator  segment  as  shown.  In  order  to  facilitate 
the  damping  out  of  the  current  pulsations,  the  four  parallel  circuits  of 
the  magnet  winding  should  have  the  greatest  possible  mutual  induction, 
and  for  this  reason  four  circuits  pass  round  each  pole. 

The  commutator,  which  is  fixed  to  the  shaft  of  the  generator  and 
connected  through   brushes  to  the  source  of  3-phase  current,   has 
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six  segments  per  pole,  of  which  only  four  are  in  contact  with  the  field 
winding.  Between  each  group  of  four  active  segments  are  two  dummies, 
which  have  no  connection  with  the  windings  except  through  the 
brushes.  The  current  carrying  segments,  which  are  spaced  from  each 
other  by  a  double  pole  pitch,  are  always  at  the  same  potential,  and  may 
on  that  account  be  interconnected  at  the  commutator  by  internal  cross- 
connections  as  shown  in  the  diagram.  It  is  then  possible  to  work 
with  one  brush  per  phase.  The  four  sections  of  the  field  winding 
are  electrically  connected  with  each  other  at  several  points,  these 
connections  serving  to  equalise  the  currents  and  voltages  which  arise 
in  the  rectification  of  the  current. 


On  the  commutator  are  three  brushes  A,  B,  and  C,  which  just  cover 
three  segments  and  are  displaced  relative  to  each  other  by  240  electrical 
degrees,  or  for  the  case  considered  by  240/3  =  80  degrees  in  space. 
Since  the  commutator  rotates  synchronously  with  the  voltage  applied 
to  the  brushes,  each  individual  segment  has  a  definite  mean  voltage. 
Assuming  a  sine  curve  of  applied  E.M.F.,  then  if  these  mean  voltages 
for  a  2-pole  arrangement  be  plotted  as  a  function  of  the  commutator 
circumference,  an  almost  sinusoidal  wave  of  E.M.F.  is  obtained  (see 
Figure  aaS),  which  remains  stationary  relative  to  the  commutator  but 
rotates  relative  to  the  poles.  Between  segments  a  and  8  there  is  a  mean 
potential  difference -^E  +  Ei,  and  this  tends  to  send  current  through 
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that  section  of  the  field  winding  connected  across  these  segments.  The 
three  brushes  must,  in  order  not  to  produce  short-drcuits  among  them- 
selves, be  separated  by  at  least  the  width  of  a  s^ment,  so  that  for  the 
instant  shown  only  the  circuits  a  and  c  are  in  direct  connection  with 
the  brushes.  The  coils  b  and  d  are  not  without  current,  for  because 
of  the  cross-connections  between  the  various  circuits  of  the  windings 
these  coils  are  in  electrical  connection  with  the  same  segments  as  a  and 
c,  and  will  therefore  have  currents  flowing  in  their  middle  parts.  When 
the  commutator  becomes  displaced  by  one  segment  width  from  that 
shown  in  Figure  328,  coils  b  and  d  come  into  direct,  and  a  and  c  into 
indirect,  connection  with  the  current  carrying  s^ments,  the  outer  parts 
of  the  latter  circuits  beingwithout  current.  It  will  thus  be  seen  that 
the  current  in  the  field  coils  is  still  of  a  pulsating  nature,  but  owing  to 
the  large  mutual  inductance  of  the  parallel  circuits,  the  pulsations  are 
so  strongly  damped  that  the 
resultant  mean  field  current  will 
affect  the  excitation  in  almost 
the  same  way  as  a  direct  current 
The  tendency  to  spark  is  obvi- 
ated by  the  fact  that  there  are 
always  several  paths  through 
the  field  winding  open  to  the 
current  The  position  of  the 
brushes  is  detennined,  so  that 
when  the  machine  is  mnning 
unloaded  and  normally  excited, 
the  middle  point  of  the  four 
segments  connected  with  the 
ith  the  amplitude  value  of  the  potential 
This  will  occur  at  that  brush  position  for 


Fig.  2z8. 


field  winding  coincides 
curve  (see  Figure  228), 
which  the  no-load  voltage  attains  its  maximum. 

The  3-phase  current  supplied  to  the  commutator  is,  with 
Heyland's  arrangement,  obtained  partly  from  a  potential  transformer  T■^ 
(Figure  227)  connected  in  parallel  with  the  alternator  and  partly  from  a 
current  transformer  Tj  which  is  in  series  with  the  mains.  The  potential 
transformer  Tj  supplies  a  nearly  constant  exciting  current  whose  phase 
is  fixed  by  the  voltage  of  the  generator,  whilst  the  current  transformer 
Tj  supplies  the  compounding  current  proportional  to  and  in  phase  with 
the  armature  current.  In  order  to  use  the  same  set  of  brushes  for  the 
compounding  and  for  the  exciting  current,  the  secondary  of  T,  must 
be  mesh-connected  (see  p.  138),  so  as  to  cause  Che  exciting  current  to  be 
a  quarter  of  a  period  behind  the  compounding  current  supplied  by  Tj. 
The  currents  from  Tj  and  Tj  combine,  as  shown  in  the  vector  diagram 
of  Figure  129,  where  OIj  represents  the  current  delivered  by  T,  and 
OIj  that  delivered  by  Tj. 
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The  left-hand  diagram  represents  the  condition  at  non-inductive 
load,  in  which  case  I,  and  Ij  are  in  quadrature,  and  the  total  current 
supplied  to  the  rectifier  is  the  resultant  01'.  The  line  OP  marks 
the  position  of  OIj  at  non-inductive  load.  For  an  inductive  load  of 
power  factor  cos  ^  the  current  vector  OIj  will  make  an  angle  ^  with 
OP,  so  that  the  resultant  current  will  be  increased  to  a  value  represented 
by  Ol'.  The  compounding  action  by  this  method  therefore  increases 
with  the  power  factor  as  welt  as  with  the  load.  In  order  to  regulate 
the  amount  of  compounding  or  over-compounding  of  a  machine,  adjust- 
able resistances  R  are  inserted  in  series  with  the  transformer  T^. 

Heyland  has  proposed 

a  modification  of  the  above        la. ^q       p gfc^  O 

method  which  can  be  em-         1  y^  .,--'''^*/ 

ployed    for    compounding         [        /  \i,\  / 

machines    of  standard   de-  Xj^  \         / 

sign,    the    direct    coupled        j'  j^  |     / 

exciter  in   this   case   being       it  \/  ^^"^  '^1 

operated    upon    with     the         V..  y-' 

rectified  current.     The  ex- 
citer,    in    addition    to   the 

ordinary  shunt  winding,  is  provided  with  an  interconnected  multiple 
circuit  winding  on  its  field  poles.  This  is  supplied  with  the 
rectified  current  through  a  series  transformer  and  a  commutator  in 
the  same  way  as  the  main  generator  field  would  be  supplied  if  the 
compound  winding  were  on  the  main  poles. 


SUDDEK  SHORT-CIRCUITING   OF   ALTERNATORS 

If  tbe  armature  of  an  alternator  of  ordinary  regulating  qualities  be 
short-circuited  while  at  rest  and  then  run  up  to  normal  speed  and 
fully  excited,  the  armature  current  will  not  rise  to  more  than  a. 5  or 
3  times  its  full-load  value.  This  is  because  the  current  lags  about 
go  d^rees  behind  the  pole  centre  and  so  sets  up  a  M.M.F,  opposing 
the  main  flux.  If,  however,  an  alternator  be  suddenly  short-circuited 
at  the  annature  terminals  while  running  at  normal  speed  and  fully 
exdted,  the  current  may  rise  momenUrily  to  from  10  to  25  times  its 
normal  full-load  value.  This  will  set  up  enormous  mechanical  forces 
between  the  windings  of  the  various  phases,  which  in  the  case  of 
turbo-alternators  may  cause  serious  damage  to  the  windings,  unless 
the  end-connections  are  rigidly  clamped  in  the  manner  mentioned 
in  Chapter  VI.  The  first  rush  of  current  is  propelled  by  the  full 
E.M.F.  of  the  alternator,  for  during  the  first  ^^n  or  j'^  part  of  a 
second  there  is  no  time  for  the  field  to  become  demonetised. 
The   rate  at  which    the    current    rises    is    determined  by  the  self- 
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induction  of  the  armature  winding,  and  also  to  a  certain  extent  by 
the  distributed  capacity  between  the  winding  and  the  frame.  Owing 
to  the  importance  of  this  question  in  connection  with  large  turbo- 
alternators,  a  brief  study  will  be  made  of  the  essential  factors  which 
affect  the  difference  between  a  gradual  short-drmtt  and  a  sudden 
short-araiit. 

When  an  alternator  is  gradually  short-circuited  with  such  an 
excitation  that  the  armature  current  is  equal  to  that  at  full-load,  the 
field  ampfere-turns  will  have  a  certain  value  denoted  by  AT.  Under 
such  conditions  a  small  flux  4.  passes  into  the  armature,  which  b 
just  sufScient  to  compensate  for  the  voltiige  consumed  in  armature 
impedance.  In  the  pole  and  yoke  there  will  be  the  flux  *.  together 
with  the  leakage  flux  %  between  adjacent  poles  and  due  to  AT 
ampere- turns.  On  short-circuiting  the  alternator  with  full-load 
excitation,  =  AT^     ampere-turns,     the     armature     current     will     be 

approximately    —^    times    greater   than    the  full-toad   cunent,  and 

since  the  flux  passing  from  pole  to  armature  will  have  increased  in 
approximately  the  same  ratio, 


I^t  *  denote  the  8ux  per  pole  entering  the  armature  under 
normal  full-load  conditions,  then  on  sudden  short-circuit,  the  flux 
through  the  armature,  as  well  as  that  in  the  pole,  has  to  change  by 
the  amount  *  -  *„.  It  is  this  change  of  flux  which  is  the  cause  of 
many  of  the  phenomena  to  be  observed  on  the  occasion  of  sudden 
short-circuit.  During  the  time  this  change  is  taking  place,  a  larger 
flux  is  entering  the  armature  from  the  field  poles  than  after  the  end 
of  the  change.  A  higher  E.M.F.  is  therefore  induced,  and  con- 
sequently the  short-circuit  current  will  exceed  the  normal. 

At  the  first  moment  of  short-circuit,  the  E.M.F,  is  -  times 
lai^er  than  at  the  normal,  so  that  if  the  current  could  rise  instantane- 
ously with  the  voltage,  the  short-circuit  current  would  be  —  times 

in  excess  of  the  normal  short-circuit  current,  I,.  Owing  to  the  self- 
induction  of  the  stator  winding,  the  current  rise  will  lag  almost  a  fourth 
of  a  period  behind  the  E.M.F.,  so  that  in  reality  the  flux  will  have 
decreased  by  a  certain  amount  before  the  current  attains  its 
maximun]  value.  In  consequence  of  this  the  maximum  value  will 
The  rate  of  increase  of  current  is  at 
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first  but  little  affected  by  the  change  of  magnetic  flux  through  the 
mun  magnetic  circuit,  because  as  the  current  in  the  armature  rises, 
there  are  eddy  currents  induced  in  the  sohd  parts  of  the  poles  vhich 
maintain  the  flux  through  the  armature  almost  at  its  full  value.  It 
is  only  as  these  eddy  currents  die  down  that  the  armature  M.M.F, 
begins  to  demagnetise  the  fleld  poles. 

Referring  to  Figure  130,  let  A  represent  one  phase  of  a  4-pole 
alternator,  and  suppose  that  this  phase  is  short-circuited  at  the 
instant  when  the  poles  are  in  Ihe  position  shown.     As  the  current 

rises    the    increasing    M.M.F.    of  

phase  A  increases    the   magnetic  /'  *      ■■ 

flux  in  all  such  paths  as  PP.     As  »      -    « 

soon  as  this  flux  begins  to  increase 
eddy  currents  are  Induced  in  the 
pole  face  which  flow  in  the  opposite 
direction  to  the  current  in  the 
conductors  of  phase  A,  the  return 
path  of  the  eddy  currents  being 
along  the  sides  of  the  poles  and 
back  along  the  face  of  the  S-poles. 
I'his  current  opposes  the  increase 
of  flux  along  the  paths  PP,  so  that 
the  flux  cannot  increase  at  a 
greater  rate  than  is  just  sufficient 
to  generate  the  eddy  currents 
against  the  opposition  of  the  re- 
sistance and  the  self-induction  of  their  path.  The  curve  in  Figure  231 
shows  the  general  way  in  which  the  current  may  be  expected  to  rise, 
the  zero  line  of  current  depending  upon  the  instant  at  which  short- 
circuit  occurs.  By  the  time  that  the  S  pole  comes  under  the  con- 
ductors A,  the  eddy  cunents  will  have  begun  to  decrease,  so  that 
pole  S  will  not  be  so  strongly  magnetised  as  the  pole  N  was.  Though 
the  current  may  diminish  under  the  influence  of  the  S  pole  it  does 
not  always  cross  the  zero  tine,  but  rises  again  under  the  influence  of 
the  next  N  pole,  so  falling  and  rising  and  describing  a  wavy  line  Iceeps 
its  mean  values  above  the  zero  line  for  several  alternations. 

The  instantaneous  values  of  the  current  in  the  armature  of  a 
turbo-alternator  at  the  time  of  short-circuit  have  been  investigated 
experimentally  by  Miles  Walker,*  and  Figure  23a  shows  a  record 
of  an  osdilogram  taken  on  a  5S00-K.V.A.  alternator  with  salient 
poles.  The  waves  V  show  the  voltage  before  short-circuit,  which  in 
this  case  has  a  R.M.S.  value  of  3900  and  an  amplitude  value  of 
3700  volts.     At  the  instant  of  short-circuit  the  voltage  at  the  stator 
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tenninals  fell  to  zero,  and  the  cuirent  curve  C  sprang  into  existence. 
These  curves  clearly  show  the  general  nature  of  the  current  on  short- 
circuit  :  it  rises  to  such  a  high  value  during  the  first  half  of  a  period  that 
the  pole  which  passes  during  the  next  half  period  is  hardly,  sufficient 
to  bring  it  to  zero.  The  current  then  rises  and  falls  in  waves  of 
gradually  diminishing  amplitude,  until,  after  a  lapse  of  several  seconds, 
it  assumes  the  value  it  would  have  had  if  the  short-circuit  had  been 
made  before  the  field  was  excited. 
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FlC.  3JI. — Magnitude  and  phase  of  shoit-circuit  current  as  compared 
with  full-load  current  lagging  90°  for  a  5S0O-K.V.A.  33*-'aitcrnator, 

Nole. — Zero  line  of  short-circuit  current  depends  on  the  instant  at 
which  short-circuit  occurs,  e.g.  ioi  the  instant  0*004  draw  letolinc 
through  iSoo  amperes. 


Another  important  phenomenon  attending  the  sudden  short- 
circuiting  of  an  alternator  is  the  momentary  rise  in  the  exciting 
current  to  a  value  4  or  5  times  in  excess  of  that  at  normal  fulMoad, 
thus  tending  to  further  increase  the  initial  value  of  the  short-circuit 
current  in  the  armature.  Owing  to  the  change  in  flux  passing  through 
the  main  magnetic  circuit,  an  E-M.F.  proportional  to  the  rate  of 
change  of  the  flux  -^  is  induced  in  the  field  winding,  and  acts  in 

the  same  direction  as  the  exciter  voltage.  During  the  interval  this 
change  is  in  prepress  the  exciting  current  will  therefore  be  greater 
than  the  normal  value. 
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Let  L  denote  the  self-induction,  R  the  ohmic  resistance,  T  the 
number  of  turns,  e  the  voltage  of  excitation,  and  *  the  normal  flux 
for  each  pole  of  the  field  circuit,  then  if  /  denote  the  instantaneous 
value  of  field  current  and  ^  the  instantaneous  flux 


Further,  let  i  denote  the 
above  its  normal  value,  then 


of  field  current 


-T.^io^  =  L^  +  R.- 
dt  dt 

Sin<»  R  will  always  be  small  compared  with  L, 
the  term  Rj"  may  be  n^lected,  in  which  case 


~T. 


dt 


dt 


-T, 


and  ( =  —  -  (^  -  *)  10-*  =  -^  .  (*  -  <^)  I 
4  — <^  is  the  change  of  flux  at  any  given  in- 
stant and  -^(*  -  ^)  10"^  the  increase  of  the  field 
current  at  the  same  instant. 

In  general,  the  greater  part  of  the  self-induc- 
tion L  will  be  due  to  the  leakage  flux  4>,  between 
adjacent  poles. 

Hence,  if  t,  denote  the  field  cunent  at  the  instant 
previous  to  short-circuit 


T.*, 


L- 


When,   for  instance,   the  flux  has  decreased  to 
0.2  of  its  normal  value 


and  at  that  instant 


For  a  turbo-altematOT  *iWill  be  about  16  per 
<%nt.  of  4,  so  that  substituting  in  Che  equation 
for  »;  there  is  obtained  the  result  that  when  the 
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flux  hai  fallen  to  o.z   of  its  normal  value  the  rise  of  field  current 
above  normal  is 

'    ''0.16*"^'° 

In  order  to  protect  a  generator  against  the  effects  of  a  sudden 
short-circuit,  Hobart  has  proposed  to  put  a  quiclt-acting  maximum 
cut-out  in  the  field  circuit.  This  cut-out  could  be  conveniently 
arranged  so  that  a  resistance  is  inserted  in  the  field  circuit  as  soon 
as  the  field  current  increases  by  more  than  30  to  50  per  cent 
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CHAPTER  X 

ALTERNATORS:— LOSSES— EFFICIENCY  AND  HEATING 

The  losses  occurring  in  an  alternating  current  generator  may  be  con- 
^dered  as  made  up  of  five  parts. 
Iron  Losses— 
(i)  Hysteresis  in  armature  core  and  teeth. 
(»)  Eddy  currents  in  armature  core,  armature  teeth,  pole  shoes, 
etc. 
Copper  Losses— 

(3)  Armature  PR. 

(4)  Field  excitation. 

Mechanical  Losses— 

(5)  Bearing  friction,  windage,  and  vibration. 

Iron  Losses 

Hysteresis. — When  iron  is  subjected  to  an  alternating  magnetic 
field,  it  was  shown  on  page  103  that  the  loss  due  to  hysteresis  can  be 
expressed  approximately  by  the  equation 

W»  =  7~B„i-«  V  10-*  watts 
where  V=Volume  in  dedmetres' 
B„  =  Maximum  induction. 
1}=  Hysteresis  constant  which  for  armature  iron  has  a  value 
ranging  from  0.0035  ^  0.003. 

The  alteration  in  magnetism  which  occurs  when  iron  is  subjected 
to  an  alternating  magnetic  field  difiers  somewhat  from  the  change  that 
takes  place  in  the  armature  core  of  an  alternator  or  direct  current 
d3niama  Consequently,  one  might  expect  the  relation  between 
W^  and  B„  to  be  different  also.  The  nature  of  the  hysteresis  loss  in 
the  armature  core  of  an  alternator  will  be  investigated  by  aid  of  Figure" 
233.  When  the  Geld  system  rotates  relative  to  the  armature  core,  the 
molecules  of  iron  forming  the  latter  tend  to  take  up  such  a  position 
that  their  magnetic  axis  will  always  lie  in  a  direction  parallel  to  the  - 
m^ielic  flux.  Considering  a  particular  molecule  which  is  situated  in 
a  plane  near  to  the  air-gap  periphery,  then  during  the  movement  of 
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the  poles  through  a  double  pole  pitch  the  magnetic  axis  of  the  mole- 
cule will  take  up  successively  the  positions  shown  at  a„  a^  Uj,  and 
(ij,  Hence,  as  the  armature  core  moves  relative  to  the  poles,  each 
molecule  of  iron  in  the  body  of  the  core  rotates  through  360  degrees  in 
each  period.    The  change  in  magnetism  which  occurs  in  the  core  of  an 


Fig.  Z33.— Rotating  magnetic  field  in  armiture  core. 

armature  is  therefore  termed  a  rotating  magnetic  field  as  distinguished 
from  an  alternating  magnetic  field,  which  is  produced  by  a  periodic 
reversal  of  the  magnetic  field.  If  the  alternator  has  p  pairs  of  poles, 
then  during  one  revolution  of  the  field  system  each  molecule  of  iron 
will  maite  p  periodic  move- 
ments, i.e.  the  number  of 
magnetic  cycles  per  second 
is  the  same  as  the  machine 
frequency. 

For  inductions  below 
B™  Bf  1 3000  several  observers 
have  found  that  the  rotating 
field  causes  a  somewhat 
greater  hysteresis  loss  than 
the  corresponding  alternating 
field.  For  higher  inductions 
the  reverse  is  the  case,  and 
when  the  reversals  are  pro- 
duced by  rotation  the  energy 
loss  reaches  a  maximum  for 
values  of  B„  between  17000 
and  iSooo.  For  still  higher  inductions  the  loss  rapidly  decreases  to  an 
almost  negligible  amount  at  B„  =  23000.  The  curves  in  Figure  234 
have  been  experimentally  obtained  by  A.  Dina  from  tests  made  to 
determine  the  hysteresis  loss  in  armature  iron  when  subjected  to  (1)  an 
alternating  and  (2)3  rotating  magnetic  field.  For  inductions  between 
B„  =  6ooo  and  B„=  16000  it  will  be  seen  that  the  energy  loss  pro- 
duced by  a  rotating  field  is  approximately  the  same  as  that  due  to  an 
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alternating  field  In  consequence  of  this  it  is  permissible  to  use 
Steinmetz's  formula  for  the  determination  of  the  hysteresis  toss  in 
annature  cores. 

Hysteresis  Loss  in  Annature  Core.— In  a  toothed  armature 
it  is  necessary  to  distinguish  between  the  energy  loss  occurring  in  the 
armature  core  proper  and  that  occurring  in  the  teeth.  If  the  magnetic 
flux  in  the  core  were  to  distribute  itself  uniformly  over  the  cross-section, 
then  the  energy  loss  would  be  expressed  by 

Wi,=T;  — B,'«  V,x  10-*  watts 
where     B  _o-5  '<  Fl"^  '"  armature  per  pole 
cross-sectional  area  of  core 
Vj  =  Volume  of  iron  in  decimetres  * 

The  magnetic  flux  is  not,  however,  distributed  uniformly  over  the 
cross-section  of  the  core,  but  tends  to  take  such  paths  that  the  total 
reluctance  of  the  combined  paths  is  a  minimum.  If,  on  the  perimeter 
corresponding  to  the  roots  of  the  teeth,  any  two  points,  similarly 
situated  with  respect  to  adjacent  poles,  be  considered,  then  the  lines 
of  force  passing  from  the  point  under  an  N  pole  to  the  corresponding 
point  under  an  adjacent  S  pole  will  tend  to  take  the  path  conforming 
to  the  chord  which  joins  the  two  points  tt^ether.  Should  this  path 
be  rigidly  followed,  the  flux  will  tend  to  be  concentrated  along  a 
narrow  path  situated  a  short  distance  above  the  tooth  roots.  The 
resultant  high  induction  would,  however,  considerably  lower  the  per- 
meability of  the  iron  just  below  the  teeth,  consequently  a  longer  path 
of  higher  permeability  would  then  offer  less  reluctance.  The  lines  of 
force,  therefore,  spread  down  into  the  core,  but  their  distribution 
across  any  section  never  becomes  completely  uniform.  The  extent 
to  which  the  flux  distribution  departs  from  a  uniform  value  is  de- 
pendent upon  the  ratio  of  pole  arc  to  pole  pitch,  and  also  upon  the 
shaping  of  the  pole  shoes. 

Professor  W,  M,  Thornton*  has  made  a  most  exhaustive  series  of 
investigations  regarding  the  distribution  of  flux  over  a  cross-section 
of  the  armature  core  for  both  smooth  and  toothed  armatures.  The 
original  tests  were  carried  out  on  a  smooth  core  armature  placed 
inside  a  4-pole  field  system,  There  were  three  different  sets  of  poles, 
giving  three  different  values  of  the  ratio  of  pole  arc  to  pole  pitch,  namely, 
0.48,0.60,  and  a; 2.  In  Figure  235  the  distribution  of  the  flux  density 
B.  for  two  different  values  of  pole  arc  -f  pole  pitch  is,  for  different  air- 
gap  inductions,  plotted  as  a  function  of  the  radial  depth  of  core  up  to 
S  cms.,  the  inductions  being  those  along  a  radius  passing  through  the 
centre  of  the  interpolar  space.  These  curves  show  that  for  a  given 
air-gap  density  the  deviation  of  the  flux  distribution  from  a  uniform 
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value  is  more  pronounced  the  greater  the  ratio  pole  arc  -f  pole  pitch. 
In  the  second  paper  mentioned  beiow,*  Thornton  puts  forward  the 
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results  of  similar  investigations  made  on  slotted  armatures.  Figure 
236  gives  the  relation  of  the  core  induction  as  a  function  of  the  depth 
below  the  teeth,  the  curves  being 
plotted  for  various  tooth  induc- 
tions. It  is  evident  from  these 
curves  that  with  high  tooth  densi- 
ties the  maximum  value  of  B, 
occurs  directly  under  the  slots, 
whilst  at  low  tooth  inductions  the 
maximum  core  induction  is  in 
similar  position  as  that  in  a 
smooth  core  armature.  The  ex- 
planation of  this  is  that  at  the 
higher  inductions  the  flux  is 
already  distributed  to  some  extent 
through  the  slot,  and  as  soon  as 
a  greater  cross-section  is  offered 
it  bends  off  rapidly.  Figures  237 
and  238  show  the  distribution  of 
the  flux  in  the  armature  core  and 
slots  over  one  pole  pitch,  the 
armature  in  this  case  being  the  rotating  member.  From  these  figures 
it  will  be  evident  that  the  inner  part  of  the  armature  iron  carries  very 
•  /aura,  oflht  ftut.  of  Elict.  Enginttrs  (1906),  vol.  xxxvii.  p.  125. 


ir 

"^ 

s 

i 

'-v 

^ 

. — 

— 

— 

\  ' 

% 

\ 

1 

'- 

^ 

\ 

\^ 

= 

< 

\ 

•J^ 

Fig.  236,— Variation  of  flu*  deiiMty 


ALTERNATORS  311 

little  flux.    A  decrease  in  the  radial  depth  of  core  will  therefore  increase 
the  core  induction  only  to  a  small  extent. 

The  complete  equation  for  the  hysteresis  loss  in  an  armature  core  is 

W^  =  K,j)-B,i''V,io-*  watts {79) 

where  the  coefficient  Kg  is  introduced  to  allow  for  the  increase  in  loss 


due  to  the  non-uniform  distribution  of  the  flux.  The  value  of  Kj,  as 
determined  experimentally  for  machines  of  various  designs,  ranges  from 
about  1.05  at  no-load  to  1.15  at  full-load. 


Fig.  238. 

Hysteresis  Loss  in  Armature  Teeth.— In  order  to  simplify  the 
investigations,  the  formula  for  the  hysteresis  loss  in  the  teeth  will  be 
derived  on  the  assumption  that  (1)  all  the  lines  of  force  entering  each 
tooth  at  the  top  pass  down  the  tooth  unchanged,  and  (2)  the  energy 
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loss  obeys  the  law  W  is  proportional  to  B'-'.  The  latter  assumption 
is  approximately  correct,  since  the  flux  density  at  minimum  section 
seldom  exceeds  17000  lines  per  cm." 

If  for  the  open  slots  of  Figure  339  L^  denotes  the  nett  length  of 
iron  in  the  armature  core,  and  B,  the  flux  density  across  an  element  of 
width  /,  depth  dk,  and  volume  V,  cms.*,  the  hysteresis  loss  in  the 
element  is 

lo-^ .  ij .  - .  BJ ' .  V,=  Io■^  n .  - .  B,"  .  / .  L„ .  rfA 
The  teeth  in  Figure  339  are  shown  with  parallel  sides,  but  in  the 
actual  alternator  the  top  would  be  narrower  than  the  root.     Let  the 
flux  density  at  the  root  of  the  tooth  be  denoted  by  B„,.,  then  if  the 
effect  of  the  dovetjuls  for  the  wedges  be  neglected, 


'■.....  (i)- 


and  the  hysteresis  loss  per  element  becomes 
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Since  the  element  under  consideration  is  distant  A, 
tooth,  the  width  of  the  element  is 


where  k  denotes  height  of  slot.     Substituting  this  value  in  the  above 
equation,  the  hysteresis  loss  per  tooth 

=.o.-.,.-.B......,,-.L,y^::{.-<A^)-% 


Now 
and  between  the  limits  h  and 


"'^^{^'-'."}=-^^(-Q)l 
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Since  the  volume  of  one  tooth  =  V,  =  ^i^' .  A .  L„  the  depth  of  a  tooth 
When  these  values  are  inserted  in  the  above  equation 


the  hysteresis  loss  per  tooth 


.  V, .  s . 


(ir 


Hence,  if  V,  denote  the  total  volume  of  the  teeth  in  decimetres',  the 
energy  loss  due  to  hysteresis  is  expressed  by  the  equation 

W^,=  K4  .  t)  .  ~  .  Bi«„,,  .  V, .  lo-^  watts     .     .     (80) 

W  _ (81) 


where     K,  =  5  , 


X- 

•tt 

i  Ka 

^,  t^ 

r  W 

1         ^Sk. 

1  °                      ^5a 

*"'~--. 

Fig.  240.— Co«f)icienls  K^  and  K,  Tot  calculating  iron  loss  in  teeth. 
The  values  of  the  coetficient  K„  which  takes  into  account  the 
variation  of  induction  down  the  teeth,  have  been  plotted  in  Figure  240 
as  a  function  of  -i.  In  the  case  of  semi-closed  slots  the  teeth  pro- 
jections will  have  very  little  influence  upon  the  hysteresis  loss.  Hence, 
the  latter  can  also  be  calculated  from  equation  80,  where  the  letters 
/,  and  /j  will  have  the  significance  indicated  in  Figure  239. 

Eddy  Current  Loss  in  Armature  Core.— Besides  the  hysteresis 
loss  in  the  core  there  is  also  a  loss  accompanying  the  eddy  currents 
which  circulate  in  the  core  plates.  So  long  as  the  flux  in  the  core  changes 
it  will  be  impossible  to  prevent  the  induction  of  E.M.Fs.,  but  the  result- 
ant eddy  currents  can  be  considerably  reduced  by  building  the  core  of 
sufficiently  thin  laminations.     With  frequencies  ranging  from  25  to  60 
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cycles  per  second  the  standard  thickness  of  stamping  is  0.5  mm.    For 
higher  frequencies  it  is  better  Co  tise  thinner  plates  down  to  0.3  mm. 

On  p.  107  it  is  shown  that  when  iron  is  subjected  to  an  alternating 
magnetic  field  the  eddy  current  loss  per  cubic  centimetre  in  very  thin 
plates  is 

W,=  ^iHl  y^i^\ifj^l^'  watts 
P 
where    B„--=  Maximum  flux  density  in  the  iron. 
/  =  Thickness  of  plate  in  centimetres, 
p  =  Specific  resistance  of  iron. 
For  ordinary  iron  laminations  at  15°  C.  p=  1.2  x  lo^*,  so  that 
W,=  i.4~-*.B'./'.  10"  watts 
=  I  ~  * .  B» .  ^ .  ro-"  watts 
The  value  of  the  constant  c  will  depend  upon  (i)  the  composition  of 
the  iron;  (a)  the  extent  to  which  the  induction  in  a  cross-section  of  the 
core  deviates  from  a  uniform  value ;  and  {3)  the  form  factor  of  the 
induced  E.M.F.     Now,  in  deriving  the  above  equation,  it  was  assumed 
that  the  induced  E.M.F,  varied  sinusoidally  and  had  a  form  factor 
=  1.11.    With  a  pulsating  magnetic  field  the  waveform  of  the  E.M.F. 
induced  in  the  core  plates  will  have  a  pronounced  peak,  in  consequence 
of  which  the  constant  t  will  have  a  higher  value  than  that  for  iron 
plates  subjected  to  a  rotating  mimetic  field.     The  value  f  for  armature 
laminations  could  quite  easily   be  determined    mathematically,   but 
unfortunately  it  would  be  of  no  practical   utility.     The  discrepancy 
between  the  theoretical  value  of  «  and  the  actual  value  as  found 
experimentally  ranges  from   100  to  200  per  cent. 

This  is  due  to  the  fact  that  the  value  derived  mathematically  does 
not  take  into  account  the  increased  loss  due  to — 

(i)  Eddy  currents  induced  in  solid  metal  parts,  e^.  core  flanges, 
bolts,  spider  arms,  etc. 

(2)  Ne^hbouring  plates  making  contact  with  each  other. 

The  eddy  currents  in  the  end-flanges  of  the  armature  core  are  caused 
by  the  fringing  magnetic  field  which  passes  from  the  flanges  of  the  pole 
pieces  into  the  armature  core,  as  shown  in  Figure  183.  In  order  to 
eliminate  this  loss  as  much  as  possible  the  armature  core  is  sometimes 
made  to  project  on  either  side  about  i  cm.  beyond  the  edge  of  the  pole. 
The  greater  portion  of  the  flux  leaving  the  pole  flanges  will  then  enter 
the  armature  by  the  tops  of  the  teeth.  During  the  process  of  milling 
or  filing  the  slots,  the  edges  of  the  laminations  are  liable  to  become 
burred,  thus  destroying  the  insulation  between  them,  and  forming  more 
or  less  continuous  conductors  lying  parallel  to  the  armature  winding. 
The  burring  of  the  laminations  therefore  increases  the  strength  of 
the  eddy  currents,  and  consequently  the  energy  required  for  their 
maintenance. 
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Owing  to  the  uncertain  factors  that  require  to  be  introduced  it  wiQ 
DOW  be  evident  that  any  attempt  to  derive  a  theoretical  value  for  the 
constant  t  is  entirely  out  of  the  question.  The  constant  i  must  be 
detenuined  experimentally  for  machines  of  various  designs,  and  since  it 
is  dependent  upon  the  amount  of  machining  and  style  of  construction, 
its  value  for  machines  of  the  same  output  will  vary  considerably.  If 
V,  and  V„  expressed  in  decimetres',  denote  the  volume  of  the  core  and 
teeth  respectively,  then  the  eddy  currant  loss  for  the  core 

W_  =  i.~«.B,''./«.V,.io-»wat[s (Sa) 

and  for  the  teeth 

W„-Kj.€.~-«.B*«^./».  V,.  lo"  watts    ....     {83) 

ivhere  the  constant  c  has  an  average  value  ^6.  The  coefficient  Kg, 
derived  in  the  same  manner  as  the  coefficient  K^  of  equation  So,  is 
calculated  from  the  expression 

K,.-^;5_,.iog('') (84) 


In  Figure  340  K^  has  also  been  plotted  as  a  function  of  ( -lY 

Empirical  Fonnula  of  Core  Losses.— Owing  to  the  uncertain 
factors  which  require  to  be  introduced,  it  will  be  evident  that  any 
attempt  to  estimate  the  eddy  current  losses  from  the  above  formula 
must  necessarily  be  very  unreliable,  so  that  empirical  estimations  of 
the  eddy  current  losses,  together  with  the  hysteresis  losses,  are  generally 
resorted  to  in  practice.  It  is  most  convenient  to  treat  these  losses 
collectively  and  refer  to  them  as  (he  core  losses  or  iron  losses  of  the 
machine. 

In  practice  the  core  losses  are  usually  predetermined  from  the 
results  of  tests  on  previous  machines  of  similar  construction,  and  the 
results  obtained  in  this  manner  have  proved  to  be  much  more  reliable 
than  those  derived  from  theoretical  formula.  The  author  has  found 
the  following  formula  to  give  results  very  consistent  with  those  after- 
wards measured  experimentally — 

W  =  K^.~.;8.f  watts (8s) 

where    W  =  Sum  of  hysteresis  and  eddy  current  losses. 
K,,  =  Kilogrammes  of  iron. 

^  =  A  coefficient  the  value  of  which  depends  upon  — • 
e=  A  coefficient  which  depends  upon  the  flux  density. 

The  values  of  the  coeffidents  ^  and  c  can  be  obtained  from  the  curves 
in  Pigure  34r,  which  have  been  plotted  from  the  test  data  relating  to  a 
large  number  of  alternators.     In  estimating  the  iron  losses  from  the 
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the  teeth  and  the  core  must  of  course  be 


above  formula  the  losses 
calculated  separately. 
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Fig.  Z41. — Coefficients  for  calculaling  core  losses  in  armatures. 

Eddy  Current  Losses  in  Pole  Shoes.— In  Chapter  Vll.  it  was 
shown  that  in  a  slotted  armature  the  flux  densily  at  any  point  under 
the  pole  face  will  vary  according  to  the  position  of  the  armature  teeth 
relative  to  that  point;  consequently,  as  the  field  system  rotates  the  flux 


Flo.  242. — Flux  distribution  along  air-gap  of  slotted 
air-gap  depth). 
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in  the  pole  shoe  will  pulsate.  The  magnitude  of  these  pulsations  is 
mainly  dependent  upon  the  value  of  the  mean  flux  density  B„  over 
the  entire  pole  face  and  on  the  ratio  of  slot  opening  to  air^ap.  If 
<'B„  denotes  the  maximum  flux  density  opposite  a  tooth,  then  the  curve 
of  flux  distribution,  shown  in  Figure  242,  is  obtained  by  adding  to  the 
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curve  of  average  induction  another  curve  of  amplitude  (f  -  i )  B^  The 
KM.Fs.^-of  frequency  -^i  =  -^— ,  where  n,  denotes  the  number  of  arma- 
ture teeth — set  up  by  the  flux  pulsations  produce  corresponding  eddy 
currents  which  extend  to  a  depth  beyond  which  the  induction  is  constant. 
These  eddy  currents,  in  turn,  tend  to  damp  out  the  fluctuations  in  the 
field — i.e.  they  set  up  a  screening  effect, — and  in  consequence  of  this 
they  are  confined  chiefly  to  the  outer  surface  of  the  pole  shoe.  The 
loss  corresponding  to  these  eddy  currents  is  dependent  upon  (i)  the 
amplitude  of  the  field  pulsation;  (2)  the  frequency  of  the  currents; 
and  (3)  the  specific  resistance  p  and  permeability  ^  of  the  pole  shoe 
material. 

Owing  to  the  complicated  nature  of  the  screening  effect  of  the  eddy 
currents  an  exact  mathematical  investigation  of  the  losses  is  exceedingly 
difficult  Under  the  assumption  that  the  flux  pulsates  according  to  the 
sine  law,  the  following  theoretical  formula  for  the  approximate  calculation 
of  the  eddy  current  loss  in  solid  pole  shoes  has  been  derived  by  Potier 
and  Riidenberg* 

W-^^o-^^^rS-rP- \/'-^^-^=^-A^  watts    .    .     .     (86) 
l    1000    J        V       ;^  ' 

where  9= Peripheral  speed  of  armature  in  metres  per  second. 
/^=Slot  pitch  in  centimetres. 
A^—Pole  face  area  in  decimetres*. 

Pi  =  Specific  resistance  of  pole  shoe  iron  in  ohms  per  mm.  cube, 
ft  =  Permeability  of  the  iron. 

For  cast  iron,  cast  steel,  and  laminated  iron  p,  has  the  values  ro-^, 
2  X  !©■*  and  i-s  x  lo^*  respectively.  The  value  of  >*  can  be  taken  as 
that  corresponding  to  the  mean  value  of  flux  density  in  the  pole  shoe, 
which  is  approximately  equal  to  B,,;. 

The  above  formula  was  deduced  on  the  assumption  that  the  flux 
pulsations  are  sinusoidal.  Curves  of  flux  distribution  obtained  by  an 
exploring  coil,  however,  indicate  that  the  ripples  are  decidedly  peaked, 
thus  leading  to  greater  E.M.F.  amplitudes,  and  consequently  greater 
losses  than  that  calculated  from  the  above  theoretical  formula. 

In  Professor  Arnold's  laboratory  at  Karlsruhe  two  independent 
series  of  investigations  have  recently  been  made  to  determine  an 
empirical  law  for  the  eddy  current  loss  in  pole  shoes.  In  these  re- 
searches the  measurements  were  made  as  follows : — The  air-gap  was 
made  so  large  that  no  losses  due  to  eddy  currents  occurred  in  the  pole 
shoe,  and  the  power  thus  required  to  drive  the  machine  was  accurately 
measured  by  means  of  a  spring  dynamometer.  Then  with  the  same 
fliux  density  and  a  decreased  nir-gap  the  increase  of  power  supplied  was 
*  Eieclrvttcknistkt  Ztilschrift  (1905),  vol.  xxvi.  p.  iSl,  and  Industrie  £ltefriqtit 
("90S).  P-  35- 
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taken  as  equal  to  the  losses  in  the  pole  shoe  due  to  the  pulsations  of 
the  flux,  caused  by  the  armature  teeth.  Thus,  by  keeping  the  gap 
constant  and  using  successively  solid  and  laminated  pole  shoes,  the 
increase  of  the  losses  would  be  given  by  the  difference  of  the  readings, 
whilst  the  absolute  losses  in  each  case  could  be  found  by  the  above 
method. 

The  first  series  of  investigations  were  made  by  Dexhumir,  and  as  a 
result  of  his  research  the  following  formula  was  deduced  * : — 

W^  =  C{(f-i)B^/"'{^y*'.A,xio-»watts.     .     (87) 
where  the  coefficient  C  has  the  following  average  values:  — 
For  laminations  0.55  mm.  thick  C  =  0.8 
„  „         o.ao    „        „     C  =  o.35 

„    solid  cast  steel  C  =  2.3 

The  factor  f,  the  ratio  of  maximum  to  average  flux  density,  has  the  same 
value  as  the  air-gap  correction  coefficient  given  on  page  338. 

According  to  the  more  recent  experiments  of  Wall  and  Smith,t  the 
equation  to  the  eddy  current  loss  in  the  pole  shoes  would  appear  to  be 
as  follows : — 


w.,c(|)"b„".(^)".a,., 


where    S  =  Radial  depth  of  air-gap. 
s,  °>  Slot  opening. 

The  value  of  the  constant  C  depends  upon  the  grade  of  iron  employed, 
and  for  wro<^ht-iron  pole  pieces  =  0.046.  The  above  equation  shows 
that  the  factor  which  has  the  greatest  influence  on  the  pole  shoe  loss  is 

the  ratio  of  -^  — r — ?^-.— s—  — 1>.    •,     Hence,  in  order  to  keep  down 

depth  of  air-gap  8 

the  eddy  current  loss  in  the  pole  shoes,  the  slot  opening  should  be 
made  as  small  as  possible  consistent  with  a  reasonable  slot  inductance. 
As  a  result  of  their  investigations,  Wall  and  Smith  found  that  with  solid 
pole  shoes  the  loss  is  quite  negligible  for  ordinary  inductions  provided 

the  ratio -.s. —  5  does  not  exceed  i.o.     As  alternators  are  nearly 

air-gap 

always  constructed  with  laminated  pole  shoes,  it  follows  that  the  limit 

value  of  y  at  which  the  losses  become  appreciable  is  increased  above 

that  for  solid  pole  shoes.  Besides  that  due  to  eddy  currents,  there 
will  be  a  small  loss  in  the  pole  shoes  due  to  hysteresis.  This, 
however,  will  be  negligibly  small  in  comparison  with  the  loss  due  to 
eddy  currents. 

*  Amokl,  Dii  Gliichstnmmatckin,  vol.  i.  znd  ed.  p.  648. 

ijoum.  efthe  !nsl.  of  Elcel.  Engineers  [1908),  vol.  x1.  p.  S?7- 
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Copper  Losses 

Anaature  I'R  Loss. — The  copper  loss  in  the  windings  of  an 
alternator  having  m-phases  is  expressed  by  the  equation 

W„=  I.' .r..m  watts (89) 

where  I.  denotes  the  armature  current  and  r„  the  effective  resistance 
per  phase  of  the  windii^.  If  4  denotes  the  mean  length  per  turn  in 
centimetres,  a,  the  cross-sectional  area  of  conductor  in  sq.  cms.,  and  T 
the  number  of  turns  in  series  per  phase,  then  the  eflective  resistance 
per  phase  for  a  mean  rise  in  temperature  of  T°  is  given  by  equation 
II,  page  iQZ,  namely — 

_  I-  7  X  10-*  ^/.T  ( I  +  0.004  T°) 

The  factor  k  allows  for  the  increase  in  resistance  resulting  from  eddy 
currents  induced  in  the  body  of  the  conductors  by  the  flux  which  enters 
the  core  through  the  slots,  and  also  by  the  rotating  flux  set  up  by  the 
harmonics  in  the  armature  M.M.F.  wave.     The  values  to  be  assigned 
to  k  must  of  course  be  determined  from  test  data,  and  will  be  approxi- 
mately as  follows : —  Single- Phase  Polyphase 
25-1040-                              I-5-I-7  I-3-I-S 
40— to6o—                              1.9-3.2  i-S-a-o 
'Hie  increased  values  in  a  single-phase  winding  as  compared  with  a 
polyphase  winding  is  due  to  the  greater  pulsations  of  armature  flux  in 
the  former  machines. 

Excitation  Loss. — Let  l^  denote  the  mean  length  per  turn  for 
Ihe  field  coil  in  cms.,  a^'Cat  area  of  cross-section  of  wire  in  cms.*,  T,  the 
number  of  turns  per  coil,  and  p  the  number  of  pairs  of  poles,  then,  for  a 
temperature  T*  above  15°  C,  the  resistance  of  the  field  winding  is 
..7X.o^./,.T,.2;>(n-o.oo4r)  ^^^^ 

If  the  exdting  current  I,  is  varied  by  regulating  the  exciter  volts,  the 
excitation  losses  are 

W„  =  LSr,  watts 
In  large  central  stations  where  several  alternators  would  be  operated  in 
parallel,  the  field  windings  are  often  excited  from  a  constant  pressure 
supply  of  B,  volts,  and  the  field  current  adjusted  by  a  rheostat  in  the 
field  circuit.  Under  such  conditions  the  excitation  loss  would  be 
W„«.I,E,  watts.  This  latter  method  of  excitation  involves  a  greater 
loss  in  the  regulating  resistance  than  would  be  the  case  with  a  resistance 
in  the  exciter  circuit,  and  on  this  account  is  less  frequently  used.  It 
has,  however,  the  advantage  that  the  changes  in  magnetic  flux  respond 
quicker  to  any  change  in  the  r^ulating  resistance  than  is  possible  with 
a  shunt  wound  exciter. 
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Mechanical  Losses. — The  mechanical  losses  are  those  due 
to  bearing  friction,  windage,  and  vibration,  and  of  these  only  the  fiist 
permits  of  calculation.  If  K  denotes  the  bearing  pressure  in  kilo- 
grammes, d  the  diameter  of  the  bearing,  and  /  the  length,  both  of  which 
are  expressed  in  centimetres,  then  the  specilic  bearing  pressure  is 


d.l 


kgs./cm,^ 


,^  =  9.81™  ■'^- '■->/«?  watts    ....     (go) 


pheral  speed  of  shaft  in  metres  per  second,  then  the  power  absorbed  in 
bearing  friction  =  /i .  K  .  »  kilogramme  metres  per  second,  and  the 
friction  loss  in  watts 

W^  -  g.8i  ./*.  K.  »=9.8i,i.  V  .d.l  .v 

According  to  the  results  of  Tower  and  DetCmar,  the  coefficient  p.  is 
expressed  by  the  equation 

__£_      Jv 

**     T°'  P 
where  T*  denotes  the  temperature  of  the  bearing  in  *C,  and  ;  is  a 
coefficient  dependent  on  the  quality  of  oil.     Substituting  this  value 
for  fi,  the  expression  for  the  bearing  friction  loss  becomes 

W, 

For  the  usual  range  of  peripheral  speeds,  the  temperature  T*  in< 
almost  in  direct  proportion  to  the  velocity,  according  to  the  equation 

T"s  8» 
whilst  the  coefficient  f^o.oj. 

The  loss  caused  by  wind^e  depends  greatly  upon  the  construction 
of  the  armature  and  lield  system,  and  ranges  from  10  per  cenL  of  the 
bearing  friction  in  small  machines  running  at  30  metres  per  second,  to 
100  per  cent,  in  high  speed  machines  direct  coupled  to  steam  turbines. 

Efficiency. ^In  an  electric  generator  the  power  output  is  delivered 
at  the  terminals  of  the  machine,  and  is  given  by  W=:  w  .  E  .  I  cos  ^ 
where  m  denotes  the  number  of  phases  and  E  and  I  denote  the  E.M.F. 
and  current  per  phase  respectively.  The  power  input  is  that  supplied 
by  the  prime  mover,  and  is  equal  to  W  +  ip,  where  ic  denotes  the  sum 
of  all  the  losses.  The  equation  for  the  efficiency  is 
_  Power  output  _     W 

Power  input  W  +  w 

The  efficiency  of  an  alternator  will  vary  at  different  loads,  and  the 
form  of  the  curve  showing  the  variation  of  efficiency  with  output 
will  depend  upon  the  relative  values  of  the  various  losses. 

In  alternators  designed  for  a  constant  terminal  voltage  the  losses 
vary  with  the  load  as  Follows : — 

I.  Hysteresis  loss.    Wi=Wjt  +  Wi,  increases  slightly  with  the  load 


J)  per  cent.  = 
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due  to  the  increased  flux   through   the  armature   necessary  for  the 
maintenance  of  a  constant  terminal  vohage. 

J.  Eddy  current  loss.  VV,  =  W„+Wa  +  W^  This  also  increases 
slightly  with  the  load,  for  the  same  reason  as  the  increase  in  hysteresis 
loss. 

3.  Armature  copper  loss.  W„  increases  with  the  load  in  proportion 
to  the  square  of  the  armature  current. 

4.  Excitation  loss.  W„  increases  with  the  load  at  a  rate  propor- 
tional to  the  voltage  drop. 

For  an  increasing  load  of  constant  power  factor  the  increase  in  the 
copper  loss,— /.If,  the  armature  I*R  and  the  excitation  losses — can  be 
represented  by  an  equation  of  the  second  degree,  thus 

Increase  of  loss  wth  Ioad  =  CiIa  +  C,l,* 
where  C,  and  Cj  are  constants;     Hence,  if  W„  denotes  the  copper 
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Fig.  14;).— Efficiency  and  losses  or  sso-K.W.  (liemalor. 

loss  at  no-load,  the  copper  loss  corresponding  to  any  armature  current 
I^is 

S    Mechanical  losses  W„  vary  only  with  the  speed,  and  are  there- 
fore constant  foe  all  loads. 
The  sum  of  all  the  losses  is 

The  efficiency  will  be  zero  at  no-load,  and  will  remain  low  for 
smalt  outputs,  as  the  constant  losses  are  then  large  in  comparison  with 
the  power  output  The  efficiency  increases  with  the  output  in  the 
manner  shown  in  Figure  243,  and  attains  a  maximum  at  that  output 
for  which  the  no-load  losses  are  equal  to  the  losses  proportional  to 
the  square  of  the  armature  current    Should  the  output  be  further 
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increased  the  efficiency  will  diminish.  That  maximum  efficiency 
corresponds  to  equality  of  I.*/-,  and  no-load  losses  may  be  proved  as 
follows: — Since  the  constant  or  no-toad  losses  and  the  variable  losses 
can  respectively  be  denoted  by 

constant  losses  =  W,  -n  W,  -^  W,  -i-  W„  =  W, 

variable  losses  =C,J,-fCJ,' 
the  efficiency  corresponding  to  any  armature  current  I,  is 

^ W 

**     W-hW^-1-C,I.-hC|,I.« 
Now,  W  =  m  EI„  cos  ^  =  C,E[„  where  C,  =  a  constant;  hence,  sub- 
stituting this  value  in  the  equation  for  efficiency  and  dividing  top  and 
bottom  by  C,!. 

Since  E  is  a  constant,  the  efficiency  will  be  a  maximum,  when  the 
denominator  of  this  equation  is  a  minimum.  Thence,  dilTerentiating 
the  equation 

with  respect  CO  I.,  and  placing  the  differential  coefEcient~o 

ta.  c;  c,i,= 

The  efficiency  is  therefore  a  maximum  when  ^,-=C^^  =  m\^r,, 
That  is,  the  maximum  efficiency  occurs  at  that  load  where  the  loss 
proportional  to  the  square  of  the  armature  current  equals  the  sum  of 
the  no-load  losses. 

The  efficiency  curve  for  a  550-K.V.A.  5000-voIts  5°  "^  ^Itefnator, 
revolving  at  300  R.P.M.,  is  shown  in  Figure  243,  In  the  same  figure 
there  is  also  shown  the  variation  of  the  component  losses  with  the  out- 
put, and  atlention  is  directed  to  the  slight  increase  in  the  iron  loss 
caused  by  distortion  of  the  tield  and  the  increase  in  the  magnetic  flux 
necessary  to  compensate  for  the  impedance  drop.  In  alternators  of 
normal  design  the  relation  between  the  various  losses  is  generally  such 
that  the  output  conesponding  to  maximum  efficiency  is  somewhat 
beyond  the  rated  full -load  value. 

Testing  of  Alternators  for  Efficikncv 
In  the  preceding  part  of  this  chapter  the  methods  of  predeter- 
mining the  losses  and  efficiency  of  alternating  current  generators  have 
been   discussed.     There  will  now  be  considered  a  few  of  the  more 
important  tests  to  which  complete  machines  are  subjected  for  deter- 
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mintr^  their  actual  losses  and  efficiency.  In  the  case  of  large 
geneTators  a  suitable  prime  mover  and  load  may  not  be  available  at 
the  manufacturing  works  for  working  the  machine  at  full-load  and 
measuring  the  efficiency  directly.  The  usual  method  of  canying  out 
an  efficiency  test  is  therefore  to  measure  the  various  losses  individually 
and  to  compute  the  efficiency  from  the  known  output. 

The  efficiency  of  an  alternator  is  expressed  by  the  equation — 
Efficiency  =  ^     Power  output 


"Power  output  +  losses    W  +  W,+ W„  +  W„  + W„ 
where  W  =  Power  output. 

W,  =  Iron    losses,  i.e.  sum    of  hysteresis   and    eddy    current 
losses. 

W_  =  Mechanical  losses. 

W„  =  Armature  copper  loss. 

W„  =  Excitation  loss. 
To  measure  the  losses  W,,  W„,  and  W„ ,  the  alternator  to  be  tested 
is  coupled  to  a  suitable  direct  current  motor,  the  losses  of  which  are 
accurately  known.  To  obtain  the  best  results,  the  output  of  the  driving 
motor  should  be  from  5  to  10  per  cent,  of  the  total  output  of  the 
machine  to  be  tested. 

Iron  Losses. — The  altemaior  A  to  be  tested  is  driven  at  normal 
speed,  and  the  input  to  the  direct  current  motor  is  measured  for 
various  fiux  densities  in  the  core  of  A.  The  input  to  the  motor,  when 
A  is  unexcited,  is  consumed  in  the  friction  and  windage  losses  of  the 
two  machines,  and  the  core  and  IV  losses  in  the  driving  motor ;  while  the 
input  when  A  is  excited  also  includes  the  iron  losses  in  its  armature 
core  which  correspond  to  the  partial  excitation  at  which  the  input  is 
measured.  Thus,  to  determine  the  iron  losses  of  A,  the  other  losses 
for  each  input  reading  must  be  known. 

In  carrying  out  this  test  various  precautions  require  to  be  observed. 
To  avoid  including  the  volts  drop  due  to  brush  contact  resistance  at 
the  commutator  of  the  motor,  the  armature  voltage  should  be  read 
direct  from  the  commutator  segments  instead  of  across  the  terminals. 
The  condition  is  fulfilled  by  Insulating  one  brush  in  each  of  the 
positive  and  negative  sets  from  the  brush  spindle  and  connecting  the 
voltmeter  across  them.  By  this  means  the  actual  voltage  on  the  com- 
mutator is  measured  independently  of  any  IR  drops  due  to  brush 
contact  resistance.  1 

The  iron  losses  should  be  measured  for  a  particular  speed,  so  that 
the  friction  and  windage  losses  of  the  set  remain  constant.  The  iron 
losses  of  the  motor  should  preferably  be  kept  constant,  so  that  they 
can  be  eliminated  in  the  final  calculation.  To  meet  this  requirement 
both  the  speed  and  exciting  current  of  the  motor  must  be  held 
constant.     Thus  it  will  be  necessaiy  to  separately  excite  the  field  of 
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the  rootw  and  control  the  speed  by  the  voltage  supplied   to  the 
armature. 

The  diagram  of  connections  would  be  as  shown  in  Figure  344. 
The  field  winding  of  the  alternators  is  connected  to  a  source  of  E.H.F. 
throogh  a  regulating  re«stance  Rj  and  ammeter  A,.  The  field  of 
the  driving  motor  is  similarly  connected  through  R^  and  Aj.  TTie 
armature  of  the  motor  is  connected  through  a  starting  rheostat  R  to  a 


;,  244.— Diogi 


dynamo  whose  voltage  can  be  controlled.  The  ammeter  A,  and  volt- 
meter V  indicate  respectively  the  current  input  to,  and  voltage  across, 
the  armature  of  the  motor.  During  the  test  the  current  supplied  to 
the  motor  and  its  voltage  should  be  observed  for  various  excitations 
between  zero  and  about  25  per  cent,  above  that  corresponding  to  the 
normal  voltage  of  the  alternator.  Knowing  the  resistance  r  of  the 
motor  armature,  the  core  losses  can  be  calculated  and  tabulated  thus — 


Driving  Motor. 

Alternator  under  Test, 

Input  to  Atm&ture.     i                  < 

Core  Loss 
in  Watts. 

Field 

.Armature  Volts 
from  No-load 

Curve. 

Currant 
I. 

1           |"7v""';  lE-IV. 

Volts  1  Walts         ^'^-       \ 

E.       IE.                   i 

1  1 

1 

IE  — IV  gives  for  each  observation  the  sum  of  the  iron  losses  in 
the  aKemator,  the  constant  losses  in  the  iron  of  the  motor,  and  the 
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friction  and  windage  of  the  set.  The  reading  taVen  with  A  unexcited 
is  called  the  friction  reading ;  thus  if  the  value  of  IE  -  Pr  for  the 
friction  reading  be  subtracted  from  the  value  of  IE -IV  when  the 
field  is  excited,  the  result  in  each  case  gives  the  iron  losses  of  the 
alternator  for  that  field  excitation.    The  frequency  of  reversal  of  flux, 

as  given  by  -J-,  will  remain  constant.    A  curve  can  now  be  plotted 

with  alternator  volts  as  absdssse  and  iron  losses  in  watts  as 
ordinates. 

Mechanical  Losses. — To  measure  the  mechanical  losses,  U. 
the  losses  due  to  bearing  friction,  windage,  and  vibration,  the 
unexcited  alternator  is  driven  at  normal  speed  by  the  motor. 
The  losses  under  consideration  are  then  obtained  by  subtracting 
the  copper  and  no-load  losses  of  the  motor  from  the  total  power 
supplied. 

Armature  Copper  Loss. — When  measuring  the  copper  loss  in 
the  armature  of  an  alternator,  it  should  be  remembered  that  the 
resistance  as  measured  by  means  of  a  direct  current  is  always  less  than 
the  effective  resistance  as  computed  from  alternating-current  measure- 
ments, owing  to  the  skin  effect.  Again,  there  is  an  additional  loss 
due  to  eddy  currents  induced  in  conductors  themselves.  To  obtain 
condidons  which  would  be  approximately  the  same  as  those  occurring 
in  actual  working,  the  armature  copper  loss  should  he  measured  when 
an  alternating  current  of  the  rated  frequency  flows  in  the  armature 
windings,  and  with  the  field  system  driven  at  normal  speed  by  the 
direct-current  motor.  With  the  field  of  the  alternator  nnexcited  the 
power  taken  by  the  armature  of  the  motor  is  observed.  The  alternator 
armature  winding  is  then  short-circuited  through  an  ammeter  of  low 
resistance,  and  the  field  excitation  adjusted  so  as  to  give  a  value  of 
armature  current  for  which  the  corresponding  copper  loss  has  to  be 
measured.  The  increase  in  power  W,  given  out  by  the  motor  is  due 
to  the  armature  copper  loss  and  a  certain  amount  of  iron  loss.  But 
the  excitation  necessary  to  send  a  full-load  current  through  the 
armature  on  short-circuit  is  negligible  compared  with  that  ordinarily 
employed  at  full  pressure;  hence  the  increase  of  power  W^  can  be 
taken  as  the  armature  copper  loss  corresponding  to  the  current  indicated 
by  the  ammeter  in  the  armature  circuit. 

Excitation. — For  the  excitation  loss  the  only  measurement  to  be 
made  is  that  of  the  resistance  of  the  field  windings,  which  is  usually 
performed  by  sending  a  measured  direct  current  through  the  winding 
and  noting  the  fall  of  potential.  The  power  required  for  excitation  is 
then  K  current  *  x  resistance. 

Example. — The  efficiency  of  a  55o-K.V,A.,  3-phase,  50  '-,  5000- 
Tolt,  Y-connected  alternator  is  worked  out  from  the  various  test  results 
as  set  forth  below.     The  core  toss  curve  is  given  in  Figure  345. 
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In  Figure  243,  page  321,  the  losses  and  efficiency  of  the  altematOT 
under  considerotion  have  been  plotted  as  a  function  of  the  output 
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1000         2000         JOOO         4000         SOOD         6000  voUs. 
Induced  E.M.F. 
FlQ.  345.— Core  loss  cun-e  for  550-K.W.  alternator. 

Hopkinson's  Test  of  Two  Alternators.— When  two  similar 
alternators  are  available  a  convenient  method  of  determining  their 
efficiency  is  by  the  Hopkinson  method,  whereby  one  machine  operates 
as  a  generator  driving  the  other  as  a  motor,  the  power  lost  in  the  two 
machines  being  supplied  from  an  external  source.  The  method  of 
carrying  out  the  test  is  as  follows : — Referring  to  Figure  246,  the  rotors 
of  the  two  alternators  A,  and  A„  to  be  tested  are  coupled  rigidly  to- 
gether and  driven  at  normal  speed  by  a  small  direct-current  motor  M, 
which  should  be  large  enough  to  supply  the  power  corresponding  to  the 
losses  in  the  two  machines.  The  motor  M  should  be  accurately  tested 
for  the  losses  at  various  outputs  and  speeds,  so  that  the  exact  amount 
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of  power  transmitted  by  it  to  the  alternators  is  known  for  any  given 
value  of  current  and  E.M.F.  supplied  to  the  motor. 

The  armature  windings  of  the  two  alternators  are  connected  to  appose 
each  other  through  an  ammeter  A  and  current  coil  of  the  wattmeter 
W,  the  voltmeter  V  indicating  the  pressure  at  the  alternator  terminals. 
The  field  windings  of  the  alternators  are  each  connected  through  a 
rq^lating  resistance  to  a  source  of  direct  current,  which  is  here 
supposed  to  be  the  same  as  that  which  supplies  current  to  the  motor 
M.  When  the  alternators  have  been  run  up  to  normal  speed  the 
test  requires  that  one  alternator,  say  A^  should  act  as  a  generator  and 
the  other  A„  as  a  motor,  the  power  supplied  by  A,  to  A„  being 
measured  on  the  wattmeter   W,     In    order   to   set   up   a    circulating 


Fig.  Z46. — Digram  of  connections  for  Hopkii 


current  between  the  two  machines  it  is  not  sufficient  to  have  their 
excitations  slightly  different,  but  there  must  also  be  a  phase  difference 
between  the  internal  E.M.F.'s  of  the  two  armatures.  In  order  to 
obtain  this  phase  difference  the  two  machines  should  be  coupled  with 
about  a  25  degrees  difference  in  the  position  of  their  armature  coils 
relative  to  the  poles. 

The  alternators  can  be  considered  as  two  machines  working  in 
parallel,  and  Figure  247  gives  the  vector  diagram  for  the  test.  OA  is 
the  direction  of  the  vector  of  terminal  voltage,  which  of  course  is  alike 
for  both  machines.  OEj  is  the  vector  of  the  E.M.F.  of  the  generator, 
which  has  a  certain  lead  ^  with  respect  to  OA.  OE,  is  the  correspond- 
ii^  vector  of  B.M.F.  of  the  motor,  which  is  almost  opposite  to  the 
vector  OEj.  The  resulUnt  E.M.F.  acting  through  the  armatures 
of  both  machines  is  represented   by  OE;    this    pressure    sets  up 
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the  circulating  current  01,  which  owing  to  the  armature  circuits 
being  highly  inductive  lags  behind  the  vector  OE  tjy  an  angle  slightly 
less  than  90  degrees.  By  choosing  the  proper  values  of  the  angle  ^ 
and  by  adjusting  the  two  exciting  currents  there  can  be  obtained  any 
current  at  any  power  factor.  In  order  to  obtain  cos  ^=1  (supposing 
the  two  alternators  to  be  exactly  alike)  the  exciting 
currents  should  be  very  nearly  equal.  By  over- 
exciting  the  generator  and  under  exciting  the  motor 
the  vector  OE,  is  increased  and  OEj  diminished. 
The  phase  of  the  current  I  is  therefore  shifted  so 
that  it  will  be  lagging  behind  the  terminal  voltage  OA. 
From  the  vector  diagram  it  will  also  be  obvious 
that  by  over-exciting  the  rnotor  and  under-exciting 
the  generator  a  leading  current  is  obtained. 

Let  W  denote  power  supplied  by  the  generator 
to  the  motor  as  read  on  the  wattmeter,  w,  the 
excitation  loss  in  the  generator,  and  »_  the  power 
supplied  to  the  direct-current  motor  less  the  watts 

^'d'  *"'7^H'r  ^^<*''*^^  ^^  ^^^  ^^^^^  '^^-  S'"*^  '**^  ^'^° 
^'saTx.ax  °^  machines  are  nearly  equally  loaded  it  may  be 
assumed  that  the  loss  w„  is  equally  divided  be- 
tween the  two  machines.  This  is  not  strictly  so,  as  for  a  lagging 
current  the  generator  will  have  a  larger  excitation  and  core  loss  than 
the  motor.     The  percent^e  efficiency  of  each  machine  is  expressed  by 

W 

i\  per  cent.  = .  100 


Retardation  Method  of  Determining  Iron  and  Friction 
Losses. — This  method  is  especially  applicable  to  alternators  of  the 
fly-wheel  type,  and  though  it  involves  a  knowledge  of  the  moment  of 
inertia  of  the  rolor  it  is  frequently  adopted  in  practice.  It  depends 
upon  the  determination  of  the  retardation  which  talies  place  in  the 
rotating  member  of  a  machine  when  the  driving  torque  is  removed. 
The  alternator  under  test  is  run  up  to  a  speed  somewhat  above  the 
normal  by  means  of  a  motor  and  belt,  or  by  its  own  exciter.  The 
belt  is  then  slipped  off,  or  the  current  shut  off  from  the  exciter,  as  the 
case  may  be,  and  observations  are  taken  of  the  rate  at  which  the 
machine  slows  down,  by  reading  a  tachometer  at  small  intervals  of 
time.      For   each    observation    the    corresponding    angular   velocity 

o»  =  — r —  is  computed,  and  a  curve  (see  Figure  248)  is  now  plotted 

connecting  the  angular  velocity  with  time.  If  at  any  given  moment 
corresponding  to  an  angular  velocity  u  a  tangent  be  drawn  to  the 
curve  at  a  point  corresponding  to  the  moment  in  question,  then  this 
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tangent  is  a  measure  of  the  retardation  as  expressed  by  (he  time-rate  of 


change  of  the  angular  velocity,  or  - -. 

Let  M  denote  the  moment  of  inertia  of  the  rotor  in  C.G.S.  units, 
i.t,  in  grammes  of  mass  y.  cms.*,  then  at  any  instant  when  the  rotor  is 
slowing  down  the  rate  of  change  of  angular  momentum  is  equal  to  the 
retarding  torque  T  acting  on  it,  T  of  course  being  in  C.G.S.  units.    Thus 

-  T  =  —  M  —  dyne-centimetres 

Since  the  product  T™  is  a  measure  of  the  rate  at  which  the  energy  of 
the  rotor  is  expended  in  overcoming  the  retardation, 

T»B  =  Mw  — ™  ergs  per  second 


But  a  kilogramme-(metre)'=  10'  C.G.S.  units.  The  moment  of 
inertia  M  is  therefore  best  expressed  in  kilogram me-(metres)^,  as  the 
factor  10-'  cancels  out  and  the  expression  becomes 

W,  =  Mu» .  r"  watts 

As  the  speed  is  generally  measured  rn  revolutions  per  minute,  and 
plotted  in  relation  to  time  in  seconds,  the  previous  equation  can 
conveniently  be  expressed  thus — 

W  ■=  M .  — "^ .^^.~ 
60    '  60  '  rf/ 

~M.R  ^xio-i*  watts {91) 

where  M  is  in  kilc^ramme-(metres}^.  For  equation  91  the  retardation 
curve  should  be  plotted  with  speed  in  revolutions  per  minute  as 
ordinates  and  time  in  seconds  as  abscissa. 

The  watts  thus  obtained  are  at  any  moment  equal  to  the  rate  at 
which  ene^y  is  dissipated  in  friction  of  bearings  and  brushes,  windage, 
hysteresis,  and  eddy  currents.  Thus  if  the  retardation  curves  be 
determined,  first  with  the  field  unexcited  and  then  with  the  held 
excited  at  various  strengths,  a  complete  analysis  of  the  friction  and  iron 
losses  can  be  made.  When  the  field  is  excited  it  will  be  found  that 
the  retardation  occurs  more  rapidly  than  when  unexcited;  this,  of  course, 
is  due  to  the  effect  of  hysteresis  and  eddy  currents. 

In  order  to  make  use  of  equation  91,  the  values  of  the  moment  of 
inertia  M  must  first  be  known.  In  general  the  form  of  the  rotor  will 
be  too  complex  to  allow  of  it  being  calculated  from  the  drawings  of 
the  machine,  but  it  can  be  found  experimentally  or  as  follows.    After 

1^  .tH>^le 
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takii^  the  retardation  curves  the  alternator  is  driven  at  a  speed  of  R 
revolutions  per  minute  by  a  suitable  motor  the  losses  of  which 
are  known.  The  power  W„  absorbed  in  overcoming  the  friction, 
windage,  and  iron  losses  of  the  alternator  can  thus  be  computed,  and 
the  moment  of  inertia  calculated  from  equation  91,  of  which  a  value 
can  be  assigned  to  every  factor  except  M.  Another  method  of 
determining  W,  is  to  run  the  alternator  as  an  unloaded  synchronous 
motor  and  measure  the  power  absorbed.  The  losses  are  thus  obtained 
for  a  particular  excitation  and  speed  R. 

Example. — The   retardation    curves   for  an   Soo-K-V.A.,    3-phase, 
aSo-R.P.M,  alternator  are  plotted  in   Figure  248,  from  observations 
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Fig.  248.— Retardalion  lesls  on  8oo-K.V,A.  allemator. 

taken  every  half-minute.  The  upper  curve  is  for  the  field  unexcited, 
while  the  lower  curve  is  for  the  field  excited  so  as  to  send  the  full-load 
flux  through  the  armature.  When  the  alternator  was  driven  at  200 
R.P.M.  from  a  direct-current  motor  the  losses  of  which  were  known, 
the  friction,  windage,  and  iron  loss  corresponding  to  full-load  excitation 
was  computed  to  be  10,400  watts.  From  this  data  the  curves  of 
Figure  749  are  derived  as  follows : — 

At  the  point  A,  in  the  lower  curve  of  Figure  248,  corresponding  to  200 

R.P.M.,atangentisdrawncuttingtheabsdssaaxisatB.  Thevalueof-^  is 


AC     200 


dt 


[CB  =  2.2  minutes  =  i32  seconds] 

.w,W,  =  M.R.'5^.  io'2 
dt 
i.e.,  10,400  —  M.  200.  r.si  X  10** 

r      ,,  I,  Google 
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Hence,  moment  of  inertia  of  rotor  =  2  wr^- 
Referring  to  the  lower  curve 
at  tinie  =  o 
also  at  time=  15  seconds 


3500  kilograinme-( metres)^. 


R  =  240 


Hence  for  any  average  speed  R  -=  ^t5__  J''^  =,  255  R.P.M. 
rfR^z70-240_3o_ 


ndage,  and  iron  losses  at  a  speed 


The  power  absorbed  by  the  friction,  \ 
of  355  R.P.M.  is  therefore 

W.  =  5«rS.R.^.,o-»  =  3soox2; 

From  a  series  of 
such  values  the  top 
curve  of  Figure 
249  is  plotted  show- 
ing the  variation 
of  friction,  wind^e, 
and  iron  losses  \ 
with  the  speed.  In 
a  similar  manner  the 
curve  of  friction  loss 
is  computed  from 
the  top  curve  of 
Figure  248.  Bjr 
deduction  of  the  fric- 
tion and  windage 
loss  from  the  total  the  curve  of  iron  toss  is  obtained. 
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—Losses  of  an  Soo-K.V.A.  alternator  oi 
omputed  from  retardation  lesls, 


Heating  and  Cooling 

The  limit  of  output  for  alternating-current  machines  is  determined 
either  through  regulation  or  temperature  rise.  In  slow-  and  medium- 
speed  alternators  the  regulation  hmit  if  generally  reached  long  before 
the  heating  limit.  In  the  case  of  high-speed  turbo- machinery  the 
conditions  of  limiting  output  are  generally  the  reverse.  The  maximum 
temperature  to  which  any  part  of  an  alternator  may  attain  must  be 
such  that  the  insulation  does  not  deteriorate,  and  that  no  appreciable 
increase  occurs  in  the  core  loss  due  to  ageing  of  the  iron.  To  be 
within  safe  limits  the  usual  practice  in  this  country  is  to  lix  60°  C.  as 
the  maximum.  As  the  temperature  of  a  well-ventilated  engine-room 
seldom  exceeds  30°  C,  this  permits  of  a  temperature  rise  of  40°  C. 

Of  all  the  calculations  made  in  the  design  of  an  electric  machine 
those  relating  to  the  probable  temperature  rise  of  the  various  parts  are 
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without  doubt  the  most  uncertain.  This  is  because  the  facilities  foi 
cooling,  and  consequently  the  temperature  rise,  are  so  much  affected 
by  details  of  construction.  The  succeeding  formula  can  therefore 
only  be  expected  to  give  approximate  results. 

Field-magnet  Coils. —Though  a  m^net  coil  differs  considerably 
from  a  homogeneous  body  in  which  the  heat  is  radiated  uniformly  all 
over  its  surface,  yet  experimental  results  show  that  the  curve  of  tem- 
perature nse  does  not  diverge  greatly  from  that  of  an  exponential  curve. 
The  specific  losses  due  to  the  I*R  loss  are  uniform  all  over  the  coil, 
but  since  the  cooling  facilities  must  be  different  for  various  parts,  it 
follows  that  the  temperature  of  all  parts  cannot  attain  to  a  uniform 
value.  The  highest  temperature  always  occurs  at  the  centre  of  gravity 
of  the  coil  section,  and  the  difference  between  the  heating  of  the  inner- 
most parts  and  the  surface  will  depend  upon  the  thermal  conductivity 
of  the  materials  through  which  the  heat  must  flow.  When  the  coils 
are  wound  with  cotton  insulated  wire  the  flow  of  heat  from  the  central 
parts  will  be  considerably  retarded,  so  that  a  large  temperature  gradient 
would  be  expected.  The  field  coils  of  alternators  are,  however,  nearly 
always  of  bare  copper  strip  wound  on  edge ;  the  facilities  for  heat  con- 
ditions are  thereby  considerably  improved  and  a  much  more  uniform 
temperature  rise  will  result. 

Owing  to  the  temperature  gradient  between  the  innermost  parts  of 

a  coil  and  the  exposed  outside  surface,  the  temperature  rise  should 

always  be  obtained  by  measuring  ihe  ohmic  resistance  when  hot  and 

when  cold,  and  computing  the  mean  temperature  rise  from  the  equation 

R,.R„  {!+.(/,-;,)( 

i.t.  mean  temperature  rise  =  t^-t^  =  —^ — 

where  R^  and  R„  are  the  resistance  of  the  coils  at  the  temperatures 
t^  and  /,  respectively.  For  copper  the  temperature  coefficient  of  resist- 
ance 0  =  0.004,  lu  machines  of  normal  design  the  mean  temperature 
of  the  coils,  as  computed  from  the  increase  of  resistance,  varies  from 
40  to  60  per  cent,  in  excess  of  the  temperature  of  the  outside  layers 
as  determined  by  a  thermometer.  The  greater  the  radial  depth  of  the 
winding  the  greater  will  be  the  departure  of  the  heating  from  a  uniform 
value.  In  order  to  prevent  the  maximum  temperature  exceeding  a 
safe  value  the  radial  depth  of  the  field  coils  is  generally  limited  to 
about  4.0  cms. 

If  A„  denotes  the  cooling  surface  per  coil  in  decimetres*,  W„  the 
excitation  watts  per  coil,  and  K„  the  heating  coefficient,  then  when  the 
field  system  is  at  rest  the  temperature  rise  would  =  K„x-^^.    The 

cooling  surface  will  here  be  taken  as  the  external  cylindrical  surface 
only,   the  flanges  and  inside  surface  not   being  considered.      The 
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heating  coefficient  will,  however,  be  considerably  influenced  by  the 
peripheral  speed  of  the  field  coils,  and  test  data  show  the  additional 
cooling  effect  due  to  the  rotation  of  the  field  system  is  equivalent  to 
an  increase  in  the  radiating  surface  of  o.i  r„.  A„  decimetres*,  where 
v^  denotes  the  peripheral  speed  of  the  rotor  in  metres  per  second. 
The  equation  for  the  temperature  rise  of  the  armature,  in  dqjrees 
centigrade,  can  therefore  be  expressed  thus — 

^--■^-ssr^fn^) <") 

If  this  equation  gives  the  average  temperature  rise  over  the  whole  coil  as 
computed  from  the  increase  of  resistance,  then  the  values  to  be  assigned 
to  the  heating  coefficient  K„  will  be  approximately  as  follows  : — 

K„  —  7-9  for  coils  of  copper  strip  wound  on  edge. 

K„  — 9-10  for  coils  of  d.cc.  wire  wound  in  several  layers  to 
a  depth  not  exceeding  4  cms. 
In  alternators  with  revolving  armatures  it  would  at  first  appear  as  if 
the  cooling  of  the  field  coils  would  be  considerably  helped  by  the  ' 
fanning  action  of  the  armature.  Such  is  certainly  the  case  when  the 
armature  is  running  light ;  but  when  the  machine  is  loaded  the  heated 
air  rising  from  the  armature  tends  to  retard  the  cooling,  and  on  this 
account  the  rise  in  temperature  of  the  field  winding  is  practically 
unaffected  by  the  peripheral  speed  of  the  armature.  For  stationary 
field  coils  the  heating  formula  will  therefore  be 

T„-K„.^ 

A« 

where  K„  has  the  range  of  values  given  above  for  rotating  field 
alternators. 

Armature. — In  the  armature  of  any  electrical  machine  the  losses 
per  unit  volume  are  greatest  in  that  zone  which  lies  between  the  air- 
gap  and  the  roots  of  the  teeth.  It  is  natural,  therefore,  to  expect  that 
the  greatest  temperature  rise  will  occur  at  this  part.  In  the  end-con- 
nections the  specific  losses  are  smallest,  and  since  the  cooling  through 
air  ventilation  is  the  most  effective,  the  steady  temperature  to  which 
the  end-connections  attain  will  be  much  lower  than  that  for  the  active 
belt  near  the  air-gap.  Hence  in  considering  the  maximum  temperature 
rise  of  the  armature  it  is  only  necessary  to  take  into  account  the  watts 
lost  in  the  copper  within  the  slots  W^  ;>., 

W.  =  ^^ .  W„  =  J"',  m .  I,» .  r,  watts 

where  L,  denotes  the  gross  length  of  core  between  flanges.  Now,  if 
Vf„  and  W,  denote  the  total  hysteresis  and  eddy  current  losses  respect- 
ively, then  the  armature  losses  coming  into  consideration  are, 
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Owing  to  the  complicated  structure  of  the  core  it  would  be  rather 
impracticable  to  attempt  to  estimate  the  total  exposed  surface  from 
which  radiation  can  take  place  ;  hence  the  usual  practice  is  to  introduce 
only  the  cooling  surfaces  indicated  by  the  dark  lines  in  Figure  250. 
If  D  and  Dj  denote  the  external  and  internal  core  diameters,  and  n^ 
the  number  of  ventilating  ducts,  then  the  cooling  surface  of  the 
armature 

=  A,  =  '{D»  -  D,2)  (2  +  »^  -t-  L, .  HD  +  Dj) 

Since  the  heating  is  proportional  to  the  watts  expended  per  unit 
area  of  cooling  surface,  the  maximum  temperature  rise  occurring  at 
the  armature  surface,  and  as  determined  by  the  increase  of  resistance 
of  the  winding,  is  expressed  by  the  equation 

T^iK.  X  watts  per  dcm'  =  K,^'. (93) 

The  heating  coefficient  K„  gives  the  temperature  rise  in  d^ees  centi- 
grade per  watt  per  square  deci- 
metre of  cooling  surface,  and 
since  this  for  any  particular  size 
of  machine  must  necessarily  de- 
pend upon  the  manner  in  which 
the  machine  is  ventilated,  the 
exact  value  of  the  coefficient 
should  be  determined  experi- 
mentally for  each  type  of  con- 
Fio.  150.— Coolingsurfaceofamiature  struction.  For  Standard  types  of 
core.  construction    with    rotating    field 

magnets  the  value  of  K.  ranges 
from  a.o  to  2.3 ;  that  is,  in  good  machines  a  cooling  surface  of  from 
5  square  centimetres  to  6  square  centimetres  per  watt  lost  should  be 
provided.  In  using  the  above  formula  it  is,  of  course,  assumed  that 
the  rate  of  radiation  from  the  armature  is  unaffected  by  the  rotation 
of  the  field  system.  For  the  same  reasons  as  mentioned  in  connec- 
tion with  stationary  field  coils,  this  condition  is  approximately  fulfilled 
only  when  the  machine  is  loaded.  For  a  revolving  armature  the 
temperature  rise  will  be 

where  w,  is  the  peripheral  speed  of  the  armature  in  metres  per  second. 
The  heating  coefficient  K^  has  a  value  ranging  from  2.5  to  3,  according 
to  the  construction  of  the  armature.  The  values  of  the  healing  co- 
efficients K„  and  K,  have  been  worked  out  for  the  designs  tabulated 
on  pages  400  to  417,  and  these  should  prove  useful  in  selecting  a  value 
of  the  healing  coefficient  for  any  new  design. 
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Fig.  351. — Over-all  dimensions  of  zooo-K.V.A. 
$low-9pei;d  Blternstor. 


Heating  and  Ventilation  of  Turbo-alternators.  —  Under 
othervise  equal  conditions  the  output  of  an  electrical  machine 
increases  approximately  in  proportion  to  its  volume  or  as  the  cube  of 
the  linear  dimensions,  whilst  the  radiating  surface  only  increases  as 
the    square    of    the  ,  , 

same.  Hence  there 
must  be  a  limit  of 
size  where  the  surface 
is  no  longer  sufficient 
to  radiate  the  heat 
generated  in  the 
machine.  This  is 
the  reason,  for  in- 
stance, why  trans- 
formers above  a 
certain  output  can 
only  be  built  with 
artificial  ventilation. 

In  the  case  of 
turbogenerators  the 
over  -  all  dimensions 
are  much  smaller 
than  for  medium -speed  machines  of  the  same  output,  whilst  the 
enei^y  loss  may  be  approximately  the  same  in  both  types.  The 
external  surface  of  the  high-speed  machine  will  therefore  be  quite 
inadequate  to  dissipate  the  heat  and  keep  within  the  permissible 
temperature  rise.     In  order  , 

to  make  this  quite  clear, 
Figs.  35r  and  252  give  the 
over-all  dimensions  of  a  slow- 
speed  alternator  for  zooo 
K.V.A.  and  for  a  turbo- 
alternator  for  6000  K.V.A. 
The  slow  -  speed  machine 
would  go  into  a  cylinder  of 
7.8  metres  diameter  and  0.65 
metres  length,  which  gives  a 
volume  of  31  cubic  metres 
and  a  surface  of  riz  square  metres.  The  total  losses  in  this  machine 
were  about  100  K.W.  The  corresponding  data  for  the  turbo -alternator 
are  22.4  cubic  metres  and  45  square  metres.  However,  the  losses  in 
this  machine  are  about  250  K.W.,  or  2.5  times  as  great  as  in  the  other 
machine.  For  every  100  K.W.  loss  there  is  therefore  only  a  volume 
of  9  cubic  metres  available  as  against  31  cubic  metres  in  the  slow- 
speed  machine,  and  the  available  surface  is  only  18  square  metres  pec 
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loo  K.W.  as  against  iia  square  metres  in  the  first  machine.    This 
concrete  example  shows  how  essential  it  is  to  provide  special  means 
I  for  dissipating  the  heat, 

which  is  generated  in 
a  relatively  small  space. 
This  is  the  more  im- 
portant, as  the  high- 
peripheral  speed  at 
which  modem  turbo- 
alternators  run  is  liable 
lo  produce  noise,  and 
in  order  to  reduce  this 
as  much  as  possible  it 
is  necessary  to  enclose 
the  whole  machine.  The 
conditions  of  cooling  by 
simple  radiation  and 
conduction  to  the  sur- 
rounding air  are  there- 
fore made  still  worse. 
In  consequence  of  this 
the  rotors  of  turbo-alter- 
nators must  be  designed  so  that,  either  by  their  own  shape  or  by 
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additional  fans  at  their  end  they  produce  a  strong  draught  through 
the  machine. 

For  the  ventilation  of  turbo-alternators  the  usual  method  adopted 
is  to  extend  the  stator  housing  at  the  end  to  form  two  chambers  cover- 
ing the  hub  (see  Figs.  253  and  254).  Into  these  chambers  air  is 
admitted  from  below.  This  air  is  caught  by  fans  fastened  on  the  rotor 
and  forced  into  the  shell  of  the  housing,  through  the  ducts  between  the 
laminations  and  out  at  the  vent  holes  at  the  top. 

In  the  case  of  very  lai^e  units  forced-draught  ventilation  is  also 
employed,  the  usual  plan  being  to  mount  a.  high-speed  blower  at  one 
end  of  the  bed-plate,  direct  coupled,  the  blower  supplying  air  under  a 
considerable  head  to  the  inside  of  the  bed-plate,  which  is  sealed  with 
the  exception  of  an  opening  to  the  frame  of  the  enclosed  generator, 
the  hot  air  erfiausting  up  the  chimney. 

Calculation  of  Air. — The  quantity  of  air  required  for  cooling  is 
derived  as  follows : — Let  /j  denote  temperature  of  air  at  inlet,  and  t^ 
that  at  outlet,  then  since  one  cubic  metre  of  air  weighs  1.2  x  10^ 
grammes  at  15°  C,  the  quantity  of  heat  dissipated  per  cubic  metre  of  air 
=  S{/j-  Cj)  1.2  X  10*  calories 
=  4-2  S(i',-0  i.a  X  10'  =  (/2-/i)i.2x  to' joules 
where  S  =  specific  heat  of  air  =  o.238.  Since  the  number  of  cubic 
metres  required  per  kilo-joule  =  -^ r —,  the  volume  of  air  re- 


quired per  second  per  kilowatt  dissipated 


ubic  metres 


(/■j-/l)l.2X10»       (/,-/0 

Let  T*  Centigrade  denote  the  permissible  temperature  rise  above 
surrounding  air,  then  the  usual  practice  is  to  allow  for  a  0.5  T°  rise 
in  temperature  of  the  cooling  air  between  inlet  and  outlet ;  hence, 
if  KW  denotes  the  kilowatts  to  be  dissipated,  the  quantity  of  air 
required  is 


In  deriving  this  equation  the  heat  radiated  from  the  case  has  not 
been  taken  into  account,  which  allows  for  a  certain  factor  of  safety. 

Heating  Tests. — In  order  to  determine  the  temperature  rise  of 
an  alternator,  the  machine  should  be  kept  running  under  normal  full- 
load  conditions  until  the  temperature  approaches  a  steady  value.  Since 
the  time  during  which  an  alternator  of  large  output  would  have  to 
be  run  for  this  purpose  may  range  from  ten  to  twenty  hours,  such  a 
heat  test  would  prove  very  expensive  if  the  machine  were  actually 
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run  fully  loaded.  Numerous  methods  have  therefore  been  devised  by 
means  of  which  the  heat  test  may  be  carried  out  with  the  expenditure 
of  only  a  relatively  small  amount  of  power-  When  two  similar  machines 
of  equal  capacity  are  available  they  may  be  coupled  together  and  loaded 
as  for  the  Hopkinson  efficiency  test  for  D.C.  machines.  In  the  case 
of  large  alternators,  however,  there  not  only  exists  the  inconvenience 
and  expense  of  bringing  them  into  mechanical  connection,  but  it 
seldom  happens  that  two  similar  large  alternators  are  available  for 
testing  at  the  same  time.  This  has  rendered  it  necessary  to  divide 
a  single  large  alternator  electrically  into  two  units, — namely,  into  a 
generator  unit  and  a  motor  unit, — and  to  circulate  power  between 
these  units.  For  this  purpose  various  methods  have  been  proposed, 
of  which,  however,  only  a  few  have  been  successful  in  practice. 
For  any  test  to  have  commercial  value  it  is  obvious  that  the  losses 
given  by  that  test  must  be  approximately  the  same  as  under  actual 
conditions;  that  is  to  say,  they  must  have  the  same  magnitude 
and  produce  the  same  heating 
effect  as  the  actual  losses.  When 
these  conditions  are  fulfilled  the 
values  of  the  temperature  rise 
given  by  the  test  will  be  correct. 
The  only  method  which  has  been 
used  to  any  great  extent  in  test- 
ing modern  alternators  is  that 
due  to  Behrend. 

Behread's  Method.— This 
method  is  used  to  a  very  great 
extent  in  America,  and,  as  will 
be  seen  from  Figure  255,  consists 
merely  in  splitting  up  the  field 
into  two  halves.  In  the  case  of 
a  revolving  field  alternator  the 

J        1 1 mid  point  of  the  field  winding  is 

^^         ]^i  connected    to  the  shaft,  which 

^    }  ^    '  then  serves  as  a  common  ter- 

minal for  both  halves  of  the 
field.  If  full-load  current  be  then 
passed  through  each  branch  no 
current  whatever  can  flow  in  the 
armature,  provided  the  system 
is  symmetrical.  By  gradually 
reducing  the  excitation  of  one  branch,  the  current  in  the  other  branch 
remaining  constant,  the  current  In  the  short-circuited  armature  coils 
can  be  raised  to  any  desired  value, — for  instance,  to  full-load.  The 
greatest  objection  to  this  method   is  that  great  unbalanced  strains 
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are  put  on  the  machine,  thus  causing  vibration,  which  in  some 
cases  would  be  positively  dangerous.  To  explain  this,  Figure  356  has 
been  drawn  to  illustrate  diagrammatical! y  the  magnetic  unbalancing  of 


the  iz-pole  machine  shown  in  Figure  255,  which  occurs  when  the 
same  is  tested  by  this  method.  The  meaning  of  the  various  arrows  is 
explained  on  the  diagram.  With  a  weak  excitation  on  one  half  of  the 
machine  it  is  obvious  that,  with  an  open-circuit  armature,  the  magnetic 
pull  on  the  generator  side  will  he.  much  greater  than  that  on  the  motor 
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side.  On  short-circuit  the  circulating  current  set  up  in  the  armature 
winding  will  be  practically  90°  out  of  phase  with  the  E.M.F.,  and 
will  lag  in  the  generator  and  lead  in  the  motor  part  of  the  winding. 
The  generator  field  will  thus  be  weakened  whilst  the  field  of  the  motor 
is  strengthened.  This  effect  will  tend  to  equalise  the  field  of  the 
motor  and  generator  poles,  but  does  not  remove  all  magnetic  out-of- 
balance.  To  further  diminish  the  pull  on  the  generator  side,  the 
number  of  generator  poles  is  sometimes  made  to  exceed  the  number 
of  motor  poles,  the  flux  per  pole  of  the  former  being  made  weaker  in 
proportion  to  the  increased  number.  However,  from  the  very  nature 
of  the  test  there  must  always  be  an  unbalanced  magnetic  pull,  for 
the  current  is  due  to  the  E.M.F.  set  up  by  the  resultant  tlux — i.e.  total 
generator  flux  minus  total  motor  flux — and  as  soon  as  the  motor  pull 
equals  the  generator  pull  the  flux  in  the  motor  portion  equals  that  in 
the  generator,  and  no  current  can  flow  owing  to  both  E.M.F. 's  being 
equal  and  opposite.  In  the  case  of  slow  and  medium-speed  alternators 
this  resultant  magnetic  pull  may  not  be  so  serious  as  to  make  the 
Behrend  test  impossible ;  but  with  high-speed  machines  this  method 
becomes  dangerous,  and  in  some  instances  is  absolutely  prohibitive. 

In  order  to  overcome  the  above  difficulties  resulting  from  unbalanced 
pull  the  motor  or  weakly  excited  poles  could  be  symmetrically  inter- 
spersed amongst  the  generator  or  strongly  excited  poles,  the  field  still 
being  split  up  into  two  halves.  For  example,  in  a  12-pole  machine  the 
coils  on  poles  i,  2 ;  5,  6 ;  9  and  10  would  form  one  group,  the  other 
group  consisting  of  3,  4;  7,  8;  ri  and  12.  As  will  be  seen  from 
Figure  257,  the  whole  magnetic  system  is  balanced  with  respect  to  the 
shaft,  and  mechanically  this  modified  method  is  quite  satisfactory. 

Electrically  both  the  above  methods  are  open  to  objections,  for  the 
following  reasons :— In  the  first  place,  since  only  about  half  of  the 
field  coils  carry  the  full-load  current,  it  is  obvious  that  the  proper 
heating  will  only  occur  on  those  poles,  whilst  the  heating  of  the  motor 
poles  will  be  considerably  below  normal.  What  the  eff^ect  of  this  on 
the  other  parts  of  the  machine  might  be  in  the  case  of  an  open-type 
alternator  it  is  difficult  to  estimate,  although  the  influence  on  the 
cooling  of  the  stator  might  be  appreciable.  With  turbo-alternators 
which  hare  generally  to  be  totally  enclosed  this  is  a  most  important 
factor;  for,  with  only  a  fraction  of  the  field  heating  the  internal 
temperature  will  be  obviously  lower  than  under  actual  full-load 
conditions. 

As  r^ards  the  stator,  although  with  full-load  armature  current 
there  is  obtained  the  proper  copper  loss,  it  is  very  improbable  that  the 
temperature  rise  of  the  stator  will  be  correct  on  account  of  the  core 
losses  not  being  the  same  as  under  actual  full-load  conditions.  This 
is  at  once  apparent  from  the  fact  that  only  the  core  loss  under  the 
generator  poles  will  be  that  corresponding  to  normal  conditions. 
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Another  method  of  canying  out  the  heating  test  has  recently  been 
devised  by  S.  P.  Smith"  in  which  all  the  field  coils  are  in  series  and 
carry  the  full-load  exciting  current,  in  consequence  of  which  there  is 
obtained  the  ftill  heating  of  the  rotor.  This  method,  however,  is 
limited  to  machines  with  twelve  or  more  poles. 

"For  ftiU  description  see   Inst,   a/  Elect.   Engitutn  Journ.   (1908),   vol.  zlii. 
pp.  196-308. 
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CHAPTER  XI 

alternators 

Parallel  Working 

When  a  number  of  alternators,  designed  for  the  same  frequency 
and  equal  termina!  voltages,  are  required  to  supply  energy  to  a  given 
network,  they  must  be  connected  in  parallel.  ^Vhen  paralleling 
direct-current  generatois  it  is  only  necessary  to  ensure  that  the 
incoming  machine  is  at  approximately  the  same  voltage  as  that  of  the 
bus  bars.  The  paralleling  of  an  alternator  is  somewhat  more  com- 
plicated, for,  in  addition  to  equal  E.M.F.'s,  there  must  also  be  equal 
^  f.  periodicities  and  equality  of 

phase. 

To  connect  an  alternator 
B  in  parallel  with  an  alter- 
nator A,  B  must  be  raised  to 
the  same  frequency  and 
voltage  as  A,  and  in  order 
to  obtain  synchronism  of 
phase  the  incoming  alternator 
should  generate  an  E.M.F. 
which  at  any  inst^t  has  the 
same  m^nitude  and  direction 
as  the  E.M.F.  generated  in 
the  other  alternators  supply- 
ing current  to  the  system.  In 
order  to  observe  this  state, 
phase  lamps  P  are  joined  up  as 
shown  in  Figure  258.  Suppose  alternator  A  to  be  normally  loaded,  and 
that  machine  B  is  running  but  has  not  yet  been  excited.  An  alternating 
current  will  then  pass  from  the  working  alternator  through  the  circuit 
ab'Z  c  d  h,  thus  causingj^the  phase  lamps  to  glow.  If  the  field  of  the 
incoming  alternator  be  now  excited  and  the  voltage  adjusted  by  the 
resistance  R  so  as  to  give  the  same  voltage  as  the  bus  bars,  an  alternately 
opposing  and  assisting  E.M.F.  will  then  be  set  up  in  the  lamp  circuit. 
Assuming  the  frequency  of  alternator  B  to  be  approximately  the  same  as 
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that  of  A,  then  as  long  as  the  machines  are  not  in  synchronism  there 
will  be  a  difference  of  potential  across  the  contacts  of  the  switch  in  each 
lead,  and  the  lamps  will  show  various  states  of  incandescence.  When 
the  two  machines  are  completely  out  of  phase  the  voltage  across  the 
contacts  of  each  switch  will  rise  to  about  twice  that  of  the  bus  bar 
pressure,  thus  causing  the  tamps  to  attain  their  maximum  brilliancy. 
Ultimately  when,  by  fine  adjustment  of  the  speed  of  the  prime  mover, 
machine  B  is  brought 
into  step  with  A, 
the  E-M.F.'s  of  A 
and  B  acting  on  the 
lamp  circuit  will  be 
directly  opposed  to 
each  other,  so  that 
the  lamps  will  be 
black.  If  the  switch 
then  be  closed  the 
two  alternators  will 
continue  to  run  in 
parallel,  the  ratio  in 
which  the  loads 
divide  between  the 
two  machines  being  ^ 
regulated  by  the 
governors  of  the  re-  ^■- 
spective  prime 
movers.  When  once 
the  machines  are 
working  properly, 
then,  as  will  be 
afterwards  explained, 
the  mutual  control 
which  they  exert 
electrically  on  one 
another  tends  to 
keep  them  in  syn- 
chronism. 

The  curves  of  Figure  259  have  been  drawn  to  illustrate  the  nature 
of  the  pulsations  in  alternation  of  the  phase  lamps  when  two  alternators, 
generating  £.M.F,'s  of  the  same  amplitude  £„„  and  wave  form,  are  almost 
in  synchronism.  Starting  from  an  instant  of  time  when  the  instantaneous 
voltages  induced  in  the  respective  machines  are  rising  from  zero  to  a 
positive  maximum,  let  the  full  line  curve  E,  represent  the  instantaneous 
values  across  the  bus  bars.  This  E.M.F.  is  expressed  by  the  equation : 
«i  =  E™,  sin  // 
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Suppose  that  the  incoming  generator  gives  an  E.M.F.  which  differs  in 
frequency  from  the  bus  bar  E.M.F.  by  a  very  small  amount  %p,  then  the 
voltage  of  the  alternator  being  synchronised  is  given  by  the  equation 

*a  =  E™.sin(;)+8/y 
and  is  represented  by  the  curve  Ej.  If  the  algebraic  sum  of  the  two 
curves  Ej  and  E^  be  plotted  as  a  function  of  time,  then  the  periodic 
curve  e,  is  obtained  which  gives  the  difference  of  potential  on  the 
lamps,  proportional  to  which  is  the  current  through  them.  Since  the 
resultant  E.M.F.  can  be  expressed  analytically,  thus 

e.  =  Ei  +  Ej  =  E™,sin/r+E™.sin  (^  +  VV 

it  will  be  seen  that  the  lamps  are  traversed  by  an  alternating  current 
the  frequency  of  which  is  equal  to  the  mean  frequency  of  the  two 
component  E.M.F. 's.  The 
amplitude  values  of  the 
lamp  current  vary  periodi- 
cally, thus  causing  alternate 
intervals  of  brightness  and 
darkness.  If  a  curve 
plotted  which  passes 
through  the  amplitude 
values  of  the  train  of 
curves  e,  it  will  represent 
a  single  sine  function  given 
by  the  expression 

2E™.cos^./ 

2 

The  dotted    curve   drawn 
through      the     amplitude 
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values  also  shows  that  one 
"  beat "  or  pulsaUon  of  the 
light  from  complete  darkness  to  maximum  brightness  and  back  to 
darkness  occupies  an  interval  of  time  corresponding  to  that  in  which 
the  number  of  complete  periods  passed  through  by  the  voltages  E, 
and  Ej  differ  by  i.  For  example,  if  the  frequency  of  E,  and  E,  be 
zs  and  24-5  respectively,  then  at  the  end  of  two  seconds  the  lamps 
will  have  passed  through  one  pulsation.  By  fine  adjustment  of  the 
speed  of  the  prime  mover  each  pulsation  of  light  should  be  extended 
to  from  7  to  10  seconds  before  the  main  switch  is  closed 

The  above  method  of  synchronising  alternators  has  been  discussed 
with  reference  to  single-phase  machines,  but  in  the  case  of  polyphase 
alternators  the  same  procedure  would  be  adopted.     The  corresponding 
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connections  between  the  machines  and  the  bus  bais  for  a  3-phase 
system  is  shown  in  Figure  260,  the  synchronising  lamps  being  placed 
across  the  two  outside  blades  of  the  main  switch.  When  a  new 
polyphase  machine  is  first  connected  to  the  bus  bars  it  is  necessaiy  to 
verify  the  connections  of  each  phase  by  using  two  sets  of  lamps  as 
above.  If  the  connections  are 
correct  both  sets  of  tamps  will, 
at  any  moment,  give  the  same 
illumination. 

^rnchronisers.  —  The  in- 
sertion of  phase  lamps  across 
the  contacts  of  the  main  switch 
is  the  simplest  form  of  syn- 
chroniser, but  it  is  only  suitable 
for  low-volt^e  machines.  The 
other  forms  of  phase  indicators 
in  general  use  are,  however, 
based  upon  somewhat  similar 
principles.  In  order  to  make 
use  of  synchronising  lamps  for  high-voltage  machines  they  must  be 
inserted  in  a  drcuit  formed  by  connecting  the  secondaries  S,  and  S, 
of  two  small  transformers  in  series;  see  Figure  a6i.  The  primary 
P,  of  one  transformer  is  connected  across  the  bus  bars,  while  that  of 
the  other  P,  is  across  the  terminals  of  the  incoming  machine.    The 
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connections  of  the  secondaries  are  generally  so  arranged  that  when  the 
incoming  machine  is  in  synchronism  with  the  machine  already  running 
the  transformers  assist  each  other  in  lighting  the  lamp.  Another 
method  is  to  wire  the  secondaries  in  opposition,  in  which  case  syn- 
chronism will  occur  when  the  lamps  are  black.  The  former  arrange- 
ment is  the  best,  as  the  moment  of  maximum  brightness  is  more 
definitely  indicated  than  the  middle  of  an  interval  of  total  darkness. 
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In  order  to  enable  the  switchboard  attendant  to  ascertain  more 
accurately  the  correct  moment  of  closing  the  switch,  a  synchronising 
voltmeter  V  is  frequently  provided  in  addition  to  the  lamps,  the  latter 
forming  a  convenient  visual  signal  for  the  engine  driver.  When  lamps 
are  used  the  maximum  voltage  per  lamp  should  be  somewhat  less 
than  their  rated  voltage.  Instead  of  using  two  separate  transformers, 
a  more  usual  practice  is  to  employ  a  single  one  with  three  cores 
arranged  side  by  side.  The  primaries  Pj  and  P,  (Figure  26a)  are 
wound  on  the  outside  cores,  and  a  single  winding  S  on  the  central  core 
is  connected  to  the  synchronising  lamps  or  voltmeter.  The  primary 
coils  are  so  wound  that  when  their  respective  voltages  are  in  phase 
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they  each  tend  to  send  a  magnetic  flux  through  the  central  core  in 
the  same  direction.  The  electro  motive  force  induced  in  the  coil  S 
will  therefore  be  a  maximum,  and  the  lamp  in  series  with  it  will  be 
brightest,  when  the  voltage  induced  in  the  incoming  generator  is  in 
synchronism  with  that  of  the  bus  bars. 

In  a  large  generating  station  it  is  quite  unnecessary  to  provide  a 
synchronising  set  for  each  machine,  as  the  same  synchroniser  could 
be  used  for  several  machines  in  succession  as  required,  the  primaries 
of  the  transformers  being  switched  off  as  soon  as  the  main  switch  is 
closed.  In  order  to  enable  the  same  synchronising  set  to  be  used 
for  all  machines,  it  is  necessary  to  provide  synchronising  bus  bars,  the 
scheme  of  connections  for  moderate  voltage  machines  being  as  shown 
in  Figure  263. 
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The  forms  of  synchronisers  so  far  described,  although  indicating 
any  difference  of  frequency  or  phase,  are  incapable  of  showing  whether 
the  incoming  generator  is  running  above  or  below  synchronism,  for  the 
light  will  fluctuate  in  the  same  way  for  speeds  5  per  cent,  above  or 
below  the  synchronous  speed.  The  time  occupied  in  paralleling  an 
alternator  may  therefore  be  somewhat  prolonged.  Hence  the  more 
modem  types  of  synchronisers  are  provided  with  additional  visual 
sig^ials,  which  indicate  to  the  engine-driver  when  the  speed  is  too  high 
or  too  low. 

A  rotary  synchroniser  having  these  refinements  has  been  inde- 
pendently invented  by  Everett-Edgecumbe  in  this  country  and  Paul 
Lincoln  in  the  United  States.  This  instrument  is  in  principle  a  small 
alternating-current  motor,  the  rotor  of  which  rotates  in  one  or  other 
direction  according  as  the 
incoming  generator  is  run- 
ning too  fast  or  too  slow. 
Referring  to  Figure  364, 
the  rotor,  consisting  of  a 
laminated  core  running  in 
ball  bearit^  and  carrying 
a  pointer,  is  wound  with  an 
ordinary  3-phase  winding, 
the  coils  A,A  being  con- 
nected in  series  with  one 
another  and  with  a  non- 
inductive  resistance  or 
lamps  R,  whilst  the  coils 
B,  B  are  in  series  with  a 
choking  coil  C  The  two 
drcuits  are  coimected  in 
parallel  across  the  terminals  T,  and  Tj,  current  being  led  into  the 
rotor  windings  through  the  slip  rings  S.  The  rotor  terminals  are 
connected  to  those  of  the  incoming  generator,  and  by  means  of  the 
choking  coil  a  lag  of  nearly  85  d^rees  is  produced  between  the  two 
circuits,  and  an  almost  uniform  rotating  field  is  the  result.  The 
stator  consists  of  a  4-pole  laminated  core,  which  is  also  provided 
with  a  9-phase  winding,  the  a-phase  current  being  produced  in  a 
manner  similar  to  that  of  the  rotor.  The  stator  terminals  are  con- 
nected up  to  the  bus  bars,  and  the  internal  connections  are  such 
that  the  direction  of  rotation  of  the  stator  and  rotor  fields  are 
the  same.  When  the  incoming  machine  is  in  step  with  the  other 
machines  connected  to  the  bus  bars,  the  two  fields  will  be  rotatii^  at 
the  same  speed,  and  consequently  the  rotor  will  stand  stilt.  If,  on 
the  other  band,  the  alternator  to  be  paralleled  is  above  or  below  the 
synchronous  speed,  the  rotor  will  have  to  rerolve  against  or  with  the 
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flux  respectively  in  order  that  the  two  fields  may  keep  in  step.  Thus, 
for  example,  a  clockwise  rotation  of  the  rotor  will  show  that  the 
incoming  machine  is  above  or  below  synchronism  according  as  the 
rotation  of  the  field  is  counter-clockwise  or  clockwise.  The  speed  of 
the  rotation  is  also  an  indication  of  the  difference  between  the  two 
frequencies,  one  complete  revolution  representing  a  difference  of 
two  cycles  per  second.  These  synchronisers  can  be  fitted  with  an 
arrangement  of  two  lamps,  coloured  respectively  red  and  green, 
which  are  automatically  exposed  to  view  according  to  the  direction 
of  rotation  of  the  rotor.  The  engine-driver  can  thus  see  at  a  con- 
siderable distance  whether  the  prime  mover  is  going  too  fast  or  too 
slow.     When  this  synchroniser  is  used  on  a  3-phase  circuit,  its  stator 


Fig.  365.— Three-phase  synchi 


terminals  are  connected  across  two  of  the  bus  bars,  and  its  rotor 
terminals  to  the  corresponding  terminals  of  the  generator.  Of  course 
for  high-tension  generators  the  synchroniser  must  be  connected  up  to 
the  bus  bars  and  the  machine  through  step  down  transformers. 

In  a  3-phase  system  it  is  possible  to  observe  from  the  varying 
degrees  of  brightness  of  three  lamps  whether  the  incoming  alternator 
is  running  too  fast  or  too  slow.  The  three  lamps  Lj,  L„  and  L,  are 
set  up  in  triangular  fashion  and  connected  across  the  secondaries  of 
a  3-phase  transformer,  whose  primaries  are  connected  between  the 
main  and  synchronising  bus  bars,  as  shown  in  Figure  265,  Suppose 
the  E.^f.F.  of  the  bus  bars  to  be  represented  by  the  vectors  OA,  OB, 
and  OC,  then  if  the  incoming  alternator  be  running  at  synchronous 
speed  but  not  quite  in  phase  with  the  bus  bar  pressure,  its  E.M.F. 
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vectors  would  be  represented  h^  OAj,  0B„  and  OCj.  The  voltage 
across  the  lamps  L„  L^,  and  L^  will  then  be  proportional  to  the  vectors 
BB„  A^C,  and  AC^,  so  that  Lg  will  be  in  a  state  of  higher  incandescence 
than  L^  whilst  L[  will  be  quite  dim.  When  equality  of  phase  is 
attained  the  latter  will  be  completely  black,  and  L^  and  L,  will  be 
equally  bright.  If  the  incoming  generator  be  running  above  syn- 
chronism the  vector  system  A„  Bj,  C^  will  revolve  faster  than  the 
system  A,  B,  C,  and  the  lamps  will  experience  a  cyclic  change 
of  terminal  pressure  causing  the  lamps  to  glow  in  the  succession 
Lj,  If,  and  Lg.  When  the  machine  runs  too  fast  the  system  A„  B„ 
Ci  will  move  more  slowly  than  A,  B,  C,  and  the  lamps  will  now  glow 
in  the  order  L,,  L^,  and  Lj.  Hence  the  order  in  which  the  lamps 
brighten  will  be  an  indication  of  the  relative  speed  of  the  incoming 
alternator.  This  form  of  synchroniser,  due  to  Siemens  and  Halske, 
is  largely  used  in  connection  with  3-phase  plants. 

Effect  of  Engine  Gover- 
nor on  Distribution  of 
Load. — In  a  steam-engine  the 
function  of  the  governor  is  to 
regulate  the  amount  of  steam 
admitted  to  the  cylinders  so 
that,  for  considerable  fluctua- 
tions in  load,  the  speed  is 
maintained  within  certain  narrow 
limits.  This  regulation  is  gener- 
ally effected  by  throttling  the 
steam  and  thereby  varying  the 
pressure  in  the  cylinders.  At 
the  lower  limit  of  speed  the 
centrifugal  force  of  the  governor 
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balls  will  not  be  sufficient  to  move  them  out  gainst  the  control- 
ling springs,  so  that  there  is  no  throttling  and  the  steam  pressure  is 
a  maximum.  At  a  somewhat  higher  speed  the  balls  move  out  to  a 
position  where  the  greater  centrifugal  force  is  again  balanced  by  the 
extended  springs.  As  the  position  of  the  governor  balls  alter  they 
are  made  to  operate  some  mechanism  which  adjusts  the  position  of 
the  throttle  valve  and  thereby  reduces  the  mean  pressure  in  the 
cylinders.  Should  the  speed  go  on  increasing,  the  balls  will  ultim- 
ately move  out  to  their  fullest  extent,  in  which  case  the  supply  of 
Steam  is  entirely  cut  off.  For  each  position  of  the  governor  there 
ii  therefore  a  definite  speed,  and  if  the  mean  speed  of  the  engine, 
as  controlled  by  the  governor,  be  plotted  as  a  function  of  the  load  on 
the  alternator,  a  curve  such  as  ui^  Figure  266,  will  be  obtained.  The 
difference  between  the  speeds  corresponding  to  no-load  and  full-load, 
a  and  maximum  steam  pressures,  is  called  the  "  drop  " 
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or  "  T^ulation  "  of  the  governor,  and  tliis  varies  according  to  the  type 
of  governor  from  3  to  6  per  cent  of  the  no-load  speed. 

When  several  alternators  are  worked  on  the  same  bus  bars,  the 
amount  of  power  supplied  to  the  network  by  each  machine  depends 
almost  entirely  on  the  angle  of  advance  9^  (see  Figure  276)  of  its 
induced  voltage  £,  with  respect  to  the  terminal  or  bus  bar  voltage  E. 
The  greater  the  vector  difference  between  E^  and  E,  the  greater  will 
be  the  voltage  available  for  overcoming  the  armature  impedance,  aitd 
hence  the  greater  nil!  be  the  current  that  the  armature  can  supply. 
The  magnitude  of  the  angle  6,  is  dependent  only  on  the  load  of  the 
alternator,  and  if  the  speed  of  the  engine  alters  with  the  load,  it  can 
be  regulated  by  the  governor. 

During  each  revolution  of  a  reciprocating  engine  the  angular 
velocity  varies,  as  shown  in  Figure  272,  between  two  limits  <ui  and 
loj,  and  if  oi„  =  "^ — ^  denotes  the  mean  ai^lar  velocity,  the  extent 
of  this  speed  variation  can  be  expressed  thus — 

Cyclic  irregularity  =  <r  =  '^ — '^ 

With  a  very  sensible  governor  these  fluctuations  in  the  angular  velodty 
of  the  prime  mover  would  set  up  periodic  oscillations  of  the  governor 
and  so  cause  hunting.  To  avoid  such  a  tendency  the  governor  should 
be  damped  sufficiently  so  that  it  does  not  respond  to  these  regular 
fluctuations  in  the  engine  speed. 

Owing  to  the  friction  of  the  mechanism,  valves,  etc,  the  governor 
of  any  steam-engine  will  always  have  a  certain  amount  of  lag, — i.t. 
there  must  be  a  certain  change  in  speed  before  the  throttle  valve 
operates.  If  u',,  and  u'l  denote  the  greatest  and  least  angular  velocity 
which  is  possible  without  the  governor  acting,  then  the  expression 


may  be  termed  the  coefficient  of  insensibility.  In  Figure  166  there 
have  also  been  plotted  the  values  of  ia\  and  u'j  as  a  function  of  the 
load.  Now  since  the  angular  speed  during  one  revolution  can  vary 
within  the  limit:^  ±  }  <r  u^  without  the  governor  being  affected,  this 
amount  must  be  subtracted  from  (u'l  and  added  to  10',  so  as  to  give 
the  curves  tu",  and  to'j  which  represent  respectively  the  greatest  mean 
velocity  and  the  smallest  mean  velocity  which  the  engine  can  have  with- 
out the  governor  acting.  With  a  given  load  on  the  machine  the  mean 
angular  velocity  of  [he  set  can  therefore  vary  between  narrow  limits, 
that  is,  the  governor  possesses  a  certain  amount  of  stability  shown  by 
the  shaded  portions  below  and  above  the  mean  curve  of  Figure  366. 
With  steam  or  water  turbines  the  cyclic  irregularity  would  be  zero, 
so  that  the  curves  ta  and  <»'  would  coincide. 
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When  several  identical  and  equally  excited  alternators  are  connected 
to  the  same  bus  bars  and  are  driven  by  identical  engines,  the  load  will 
not  necessarily  be  equally  shared  between  all  the  machines.  For  if 
there  be  drawn  in  Figure  267  a  horizontal  line  corresponding  to  the 
mean  angular  velocity  of  all  the  machines,  it  will,  for  a  considerable 
distance,  be  inside  the  shaded  part,  and  thus  at  this  speed  the  machines 
can  be  loaded  quite  unequally.  This  difference  of  loading  will  be 
greater  the  flatter  the  speed  curves  are — t.t.  the  smaller  the  drop  of 
the  governor.  If  the  governors  are  of  isochronous  or  astatic  type,  the 
speed  will  remain  constant  independent  of  the  position  of  the  governor 
balls.  The  curves  of  Figure  267  wilUherefore  be  horizontal,  and  the  load 
between  the  various  machines  will  remain  as  adjusted.  Such  governors 
are  therefore  quite  unsuited  for  engines  driving  alternators  in  parallel. 

With  non-isochronous  governors  the  load  will  be  the  more 
uniformly  distributed  between 
the  various  machines,  the  less 
the  difference  between  the  two 
curves  <u'„  and  01% — that  is, 
the  more  the  value  of  a  and  < 
approach  each  other.  The 
governor  must,  however,  be 
damped  sufficiently  so  that  c 
is  never  less  than  <r,  for  other- 
wise the  governor  would 
operate  every  revolution,  and 
this,  as  already  mentioned, 
would  cause  hunting.  Further, 
with  a  governor  of  given  stab- 
ility the  steeper  the  speed 
curves  the  shorter  will  be  the  length  of  AB,  and  the  more  uniformly 
will  the  load  distribute  itself  between  the  various  machines.  On  this 
account  a  lai^e  governor  drop  is  an  advantage  in  so  far  as  parallel 
running  is  concerned,  but  a  large  drop  also  involves  a  lai|;e  alteration 
in  the  frequency  of  the  current  between  no-load  and  full-load.  Hence 
the  regulation  of  the  governor  should  not  be  chosen  greater  than  is 
actually  necessary  for  good  parallel  working.  Where  the  frequency 
must  be  the  same  for  all  loads,  it  is  necessary  to  alter  the  sensitiveness 
of  the  governor  as  the  load  varies,  and  this  may  be  performed  either 
by  the  hand  or  automatically.  For  lighting  plant  hand  r^ulation  is 
quite  sufficient,  but  for  power  plant,  where  the  load  undergoes  rapid 
fluctuations,  automatic  regulation,  which  usually  takes  the  form  of  an 
electric  relay  controlled  from  the  switch-board,  is  essential. 

In  Figure  268  the  mean  angular  velocity  (o„  has  been  plotted  as  a 
function  of  the  load  on  the  alternator  from  three  identical  engines, 
the  governors  of  which  had   been  adjusted  to  different  positions  in 
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each  case.  The  speed  curves,  though  running  almost  parallel  to  each 
other,  will  owing  to  the  difTerent  settings  of  the  governors  not  coincide, 
so  that  for  a  given  angular  speed  the  mean  loads  W„  W^  and  W,  will 
be  different.  Hence  it  is  possible  to  alter  the  loading  of  any  machine 
by  simply  adjusting  the  setting  of  the  governor.  If  the  position  of 
the  governor  on  any  machine  be  altered  in  such  a  direction  as  to 
cause  the  engine  to  accelerate, 
the  angle  Q„  and  hence  the  load 
W  on  the  alternator,  will  in- 
crease. To  shift  the  load 
from  one  machine  to  another 
the  governor  of  one  machine 
is  shitted  in  one  direction 
as  far  as  the  governor  of  the 
other  machine  is  shifted  in 
the  opposite  direction,  and 
when  the  load  has  been  entirely 
removed  the  machine  can 
Loud.  then    be    disconnected    from 

Fig.  a68.  the  bus  bars  without  disturbing 

the  working  of  the  other  sets. 
Effect  of  Varying  the  Field  Excitation.— In  order  to  examine 
how  the  parallel  operation  of  alternators  is  influenced  by  varying  the 
field  current  of  one  set,  it  will  be  supposed  that  the  alternator  A  to  be 
considered  has  been  duly  synchronised,  and  that  the  supply  of  steam, 
or  gas,  to  the  prime  mover  is  just  sufficient  to  overcome  the  friction 
and  iron  losses  of  the  set,  no  energy  being  given  out  to  the  network. 
Let  Ej  denote  the  bus  bar  voltage,  and  suppose  that,  at  the  instant  of 
paralleling,  the  open-circuit  or  induced  voltage  of  the  considered  alternator 
was  also  equal  to  E,.  If,  after  paralleling,  the  field  excitation  of  A  be 
now  increased,  its  induced  E.M.F.  will  rise  to  a  value  E,  producing  a 
difference  Eg  -  £j  between  the  voltage  of  the  bus  bars  and  the  machine. 
This  would  appear  to  mean  that  the  alternator  A  should  take  a  share 
of  the  load,  the  power  developed  by  the  engine  being  correspondingly 
increased.  But  the  engine  cannot  develop  any  additional  power, 
as  the  throttle  valve  just  admits  sufficient  steam  to  cope  with  the  no- 
load  losses  of  the  set  and  keep  the  alternator  running  at  synchronous 
speed.  What  actually  happens  is  that  the  volti^e  Ej-Ej  acting 
through  the  windings  of  machine  A  and  the  windings  of  other  machines 
connected  to  the  bus  bars  sets  up  an  alternating  current  I^  between 
machine  A  and  the  bus  bars.  Since  the  ohmic  resistance  of  the 
armature  windings  Is  small  in  comparison  with  the  reactance,  the 
current  I,  will  lag  approximately  90  degrees  with  regard  to  Ej-Ej. 
This  wattless  current  will  produce  a  direct  demagnetising  effect  on  the 
main  field  of  alternator  A,  thus  altering  the  vector  sum  of  the  induced 
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E.M.P.  and  the  reactance  voltage,  until  the  terminal  voltage  becomes 
equal  to  ^at  of  the  bus  bars.  The  result  of  an  increase  in  excitation 
is  therefore  not  an  increase  in  the  induced  vohage,  but  a  correction 
current  I^  circulating  between  the  bus  bars  and  the  alternator  under 
consideration.  The  phase  relationship  between  the  current  I,  and  tbe 
various  E-M.Fs.  is  shown  in  Figure  269,  where  the  lettering  £j,  Ej, 
Ej  -  £,  has  the  same  meaning  as  above. 

Should  the  excitation  of  the  considered  alternator  be  reduced  to  a 
lower  value  than  that  corresponding  to  equal  terminal  and  bus  bar 
voltages,  the  current  I,  will  be  in  the  opposite  phase  and  will  lead 
with  respect  to  E^,  and  therefore  increase  the  m^netism  of  A,  bringing 
the  terminal  voltage  up  to  the  same  value  as  that  of  the  bus  bars. 
The  above  remarks  show  that  it  is  still  possible  to  operate  an  alternator 
in  parallel  with  others,  though  unequally  excited,  but  in  order  to  reduce 
to  a  minimum  these  circulating  currents, — together  with  the  resultant 
copper  loss, — the  various  machines  working  in  parallel  should  be  nearly 
similarly  excited. 
Hence,  whenever  an 
alternator  is  con- 
nected in  parallel 
with  others,  its  ex- 
citation should  be 
adjusted  so  that  the 
main  ammeters  indi- 
cate    approximately 

lero.      More    steam  Fic.  269. 

can  then  be  admitted, 
thus  allowing  tbe  alternator  to  pick  up  the  load.  The  loading  and 
unloading  of  a  direct  current  dynamo  which  is  working  in  parallel 
with  others  depends  both  on  the  supply  to  the  prime  mover  and 
on  the  field  excitation.  With  ahernators,  on  the  other  hand,  the 
loading  and  unloading  depends  entirely  upon  the  supply  to  the  prime 
mover,  the  variation  of  field  current  only  producing  a  wattless  armature 
current. 

Phase  Displacement  and  Synchronising  Current— If  the 
steam  admitted  to  the  prime  mover  of  a  synchronised  alternator  is 
increased,  the  speed  of  the  alternator  will  momentarily  increase  above 
the  synchronous  speed,  and  thus  cause  the  rotating  field  system  to 
lead  with  respect  to  the  phase  of  the  other  alternators  connected  to 
the  bus  bars.  In  other  words,  the  field  system  will  be  ahead  of  the 
synchronous  position.  The  reverse  will  happen  if  the  admission  of 
steam  ts  decreased.  Suppose  that,  at  any  instant  of  time,  6,  denotes 
the  angle  expressed  in  electrical  degrees  by  which  the  field  system  is 
ahead  of  the  synchronous  position,  then  for  this  instant  the  phase 
relation  between  the  alternator  and  bus  bar  pressures  would  be  as  in 
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Figure  270.  The  vectors  OEj  and  OE,'  of  equal  magnitude  represent 
respectively  the  phase  relation  between  the  bus  bar  voltage  and  the 
induced  voltage  of  the  considered  machine  when  the  rotor  of  the 
latter  is  levolving  at  a  perfectly  uniform  speed  corresponding  to  exact 
synchronism.  On  increasing  the  supply  of  steam  any  momeotary 
acceleration  of  the  rotor  will  cause  the  field  system  to  overshoot  the 
synchronous  position  by  an  angle  ?„  with  the  result  that  the  vector 
OEj  will  now  be  &,  degrees  ahead  of  its  former  position.  The  voltages 
OEj  and  OEj  will  now  have  a  resultant  OE^  which,  since  the 
armature  resistance  is  small  compared  with  the  reactance,  sets  up 
the  current  01,  approximately  in  quadrature  with  OE^     Now,  as  01, 


makes  an  angle  of  nearly  ±  -  -  lo  each  of  the  voltage  vectors  OE,  and 
OE3,  the  current  I,  is  nearly  a  true  watt  current.  If  T..  denotes  the 
armature    impedance    of    the    considered    machine,   then    \,=  -^'. 

Since  the  component  of  OIn  in  phase  with  OE^,  acts  in  the  same 
direction,  the  current  I,  is  generated  with  respect  to  E;  and  so  tends  to 
retard  the  alternator  speed.  Next,  suppose  that  the  field  system,  due 
to  a  decrease  in  the  steam  supply,  falls  slightly  behind  the  synchronous 
speed.  The  vector  OE,  will  now  1^  behind  OE',  (see  Figure  271X  thus 
causing  the  vector  OE,  of  resultant  KM.F.  to  fall  to  the  right-hand  side 
of  the  ordinate  reference  axis.  Since  the  current  I,  set  up  by  the 
resultant  E.M.F.  is  in  the  opposite  direction  to  OEj,  it  is  a  toqMx 
current  in  relation  to  the  alternator,  and  hence  accelerates  it.  The 
circulating  current  I,  has  therefore,  for  both  positive  and  n^ative  values 
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of  6„  the  effect  of  decreasing  the  divei^ence  between  the  relative  rotor 
positions  of  the  considered  alternator  and  the  Others  connected  to  the 
bus  bars,  and  besides  doing  actual  work  in  heating  its  own  circuit,  keeps 
the  machine  in  synchronism  by  maintaining  the  correct  phase  position. 
I,  is  therefore  known  as  the  "synchronising  current,"  the  magnitude  of 
which  varies  periodically  with  the  phase  angle  S,. 

In  the  case  considered  above  it  has  been  assumed  that  the 
machines  represented  by  the  vector  OE,  have  an  infinitely  greater 
power  than  the  considered  alternator.  A  second  case  must,  however, 
be  taken  into  consideration  ;  namely,  where  an  alternator  Aj  is  working 
in  parallel  with  another  alternator  Aj  of  approximately  the  same  output 
without  any  external  load.    Any  phase  displacement  of  A^  relative  to 

A]  will  now  give  rise  to  a  synchronising  current,  1,  =  -^,  where  7,, 

denotes  the  impedance  of  each  machine.  This  cunent  will  affect 
(nachine  A,  in  the  same  manner  as  described  above,  but  in  addition, 
A)  will  be  oppositely  affected.  Thus  if  the  phase  displacement  of  k^ 
be  positive,  the  synchronising  current  is  a  generator  current  in  relation 
to  Aj  but  a  motor  current  with  regard  to  Aj.  The  latter  machine  is 
thus  accelerated  owing  to  the  increased  input,  whilst  A,  is  retarded. 

Free  Oscillations. — \Vhen,  owing  to  an  increase  in  the  steam 
supply  to  the  prime  mover,  an  alternator  accelerates,  the  mass  of  its 
rotating  system  will  obtain  an  increased  momentum,  and  this,  as  already 
stated,  causes  the  field  system  to  lead  the  synchronising  position  by  a 
small  angle  &„  and  overshoot  the  new  mean  position.  The  resulting 
synchronising  current  exerts  a  torque  which  pulls  the  rotating  system 
back.  On  its  backward  course  the  rotor  gains  sufliicient  momentum 
in  the  opposite  direction  to  cause  it  to  pass  the  correct  mean  position, 
whereupon  the  direction  of  the  torque  reverses,  thus  causing  the  rotor 
to  again  accelerate  and  pass  the  mean  position.  Oscillations  about 
the  mean  position — or  phase  swinging,  as  it  is  sometimes  called — 
are  thus  set  up,  and  are  accompanied  by  current  suites  between  the 
alternator  under  consideration  and  the  other  machines  connected  to 
the  bus  bars.  These  free  oscillations,  when  once  started,  would,  if  no 
damping  forces  were  present,  continue  indefinitely.  The  oscillation 
of  power  between  the  bus  bars  and  the  alternator  is,  however,  opposed 
by  electrical  and  mechanical  damping,  which  cause  the  oscillations 
to  be  of  a  gradually  decreasing  amplitude,  until  finally  the  alternator 
settles  down  to  a  steady  state  of  running.  Free  oscillations  similar 
to  the  above  are  also  set  up  when  an  alternator  is  connected  to  the 
bus  bars  slightly  out  of  phase,  but  in  general  they  will  prove  quite 
harmless,  so  long  as  they  are  not  large  enough  to  throw  the  alternator 
out  of  step  in  the  first  instance,  and  provided  no  other  oscillations 
interfere  with  them. 

Syacbronising   Power. — The  synchronising  current  which,  as 


i^jOOglc 


356         ALTERNATING  CURRENT  MACHINERY 

already  explained,  is  almost  in  quadrature  with  the  resultant  voltage  E, 
producing  it,  is  expressed  by 

where  Z,  denotes  the  apparent  impedance  of  the  machine.  The 
latter  will  be  given  by  the  quotient  of  the  E.M.F.  on  open-circuit,  and 
the  short-circuit  current  for  the  same  excitation  and  its  value  will  he 
assumed  to  remain  approximately  constant  independent  of  the 
excitation  and  load.  If  the  output  of  the  alternator  under  considera- 
tion be  small  compared  with  that  of  all  the  other  machines  connected 
to  the  bus  bars,  then  the  impedance  of  the  other  sets  will  be  almost 
n^ligible  in  comparison.  Now,  suppose  that  when  the  machines  are 
running  in  parallel  the  excitation  he  taken  olT  all  the  alternators 
except  the  one  under  consideration.  This  will  mean  a  dead  short- 
circuit,  and  the  short-circuit  current  would  approximate  to-that  which 
would  flow  if  the  terminals  of  the  excited  alternator  were  shorted  by  a 
heavy  cable.  If  I,  denote  the  short-circuit  current  for  the  excitation 
that  on  the  open-drcuit  generates  the  voltage  E-OEj  (Figure  270), 
then 

When  this  value  of  Z.  is  substituted  in  the  above  equation,  the 
following  expression  is  obtained  for  the  synchronising  current — 

......  I' 

From  Figure  270  there  is  obtained  the  relation 

E,=  0E,-=:2  OE,  .  sin  -'=  2  E  sin  ^- 

"2  2 

Hence, 

E.         .     6. 


and  I,~I, .  2  sin  — ' 

2 

When  two  alternators  of  the  same  size,  and  therefore  having 
approximately  the  same  impedance,  are  running  in  parallel,  the  conditions 
on  short-circuit  are  quite  different  The  removal  of  the  excitation 
from  one  machine  would  mean  a  short-circuit  with  single  E.M.F.  and 
double  impedance,  and  therefore  the  current  I,  would  just  be  one  half 
of  that  in  the  former  case.  In  order  to  get  the  full  short-circuit 
current  through  both  machines  it  would  be  necessary  to  parallel  the 
two  machines  fully  excited  and  completely  out  of  phase.  Then  the 
double  E.M.F.  shorted  on  the  double  impedance  would  generate 
the  normal  short-circuit  current. 
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In  the  case  of  an  alternator  working  in  parallel  with  others  of 
infinitely  greater  power,  the  synchronising  power  per  phase  corresponding 
to  the  current  I,  is,  from  Figure  370,  expressed  by 

W,  =  EI,  cos  I,OE,»EI,  cos  *' 

=  EI..  2  sin  ^' .  cos  ^'  =  EI,  sin  &* 

2  2 

Since  all  the  phases  of  a  polyphase  generator  have  an  equal  effect, 
the  synchronising  power  of  an  m-phase  machine  is  given  by  the  equation 

W,  =  «EI,sinfl, 
As  Q,  is  small,  sin  6,'^6„  and  therefore 

W,  =  «EIA (95) 

Oscillations  due  to  Synchronising  Torque.— If  o>„~^-^ 

denote  the  mean  value  of  the  angular  velocity  of  the  rotor  in  radians 
per  second,  where  R  is  the  revolutions  per  minute,  and  M,  the 
synchronising  torque  in  kilogramme-metres,  then  the  synchronising 
power  is  also  expressed  by 

Wj=M,x  -  J—  kilogramme-metres  per  second 
=  M,  X  ?  "^~  X  9.81  a  M,R  watts. 

When  this  value  is  substituted  for  W,  in  equation  95,  there  is 
obtained  the  following  expression  for  synchronising  torque 

M,  =  *"'     '  ' . 0, kilogramme-metres, 
Now  for  a  given  machine  and  full-load  excitation,  the  factor  ■  ■     "  is 

approximately  constant,  and  denotes  the  synchronising  torque  /  per 
radian  of  electrical  displacement,  i.e. 

M,=/, .  6, 
If  6  denote  the  angle  of  mechanical  displacement   corresponding  to 
the  phase  displacement  &„  then  9=0,p  and 

where  p  ^  number  of  pairs  of  poles, 

and  f=a  constant=  —       '    '^ 

Suppose  that  the  load  on  the  generator  is  slightly  increased,  then 
the  rotor  will  lead  the  synchronous  position,  and  the  torque  opposing 
the  rotation  of  the  rotor,  which  normally  is  M,,  will  be  M,  -h  Mj  =  M,  +  rf. 
If  BOW  the  additional  load  be  removed,  there  will  be  a  balance  of 
n  of  Alternators," /«rf.  E.E.Jeumal,  1909, 
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torque  of  amount  c$  available  for  retarding  the  rotoi  of  the  generator, 
which  accordingly  will  tend  to  return  to  the  true  synchronous  position. 
After  a  time  it  will  arrive  in  this  position  to  which  corresponds  the 
torque  M„  but  will  then  be  moving  with  a  velocity  less  than  that 
corresponding  to  steady  running.  In  consequence  of  the  difference  of 
velocity  the  generator  will  not  exert  the  steady  motion  torque  M„  but 
there  will  be  a  balance  of  torque  tending  to  accelerate  it  or  retard  it, 
according  as  its  speed  is  less  or  greater  than  synchronous  speed. 
For  a  small  difference  of  angular  velocity,  the  unbalanced  torque  will 
be  proportional  to  the  difference  in  velocity  and  =  <i .  -3-,  where  k  is 

a  coefficient  denoting  the  moment  per  unit  of  angular  velocity.  Let 
Sm/^  denote  the  moment  of  inertia  of  the  rotor,  then,  since  the  moment 
of  inertia  of  a  rotating  body  multiplied  by  its  angular  acceleration 
equals  the  moment  of  the  forces  about  the  axis  of  the  body,  the 
general  equation  of  the  motion  of  the  rotor  is  therefore  approximately 
iby 


9  =  6fi   '  .sin(T^+a) 
where  ^  is  the  period  of  the  oscillation,  T,  K  ^  ^-—  and  6.  and  a  are 
constants  depending  on  the  initial  conditions. 

The  importance  or  otherwise  of  the  free  oscillations  depends 
almost  entirely  upon  the  sign  of  the  coefficient  k,  that  is,  upon  the 
way  in  which  they  are  damped.  If  k  is  positive,  the  oscillations  are 
of  a  continually  diminishing  amplitude  and  are  finally  damped  out. 
On  the  other  hand,  if  k  be  negative,  even  though  very  small,  the 
amplitude  of  the  oscillations  will  continually  increase  according  to  an 
exponential  law  until  the  machine  falls  out  of  step.  In  actual  machines, 
however,  there  are  a  number  of  causes  which  give  rise  to  real  viscous 
forces,  and  generally  overcome  this  tendency  to  instability.  Such  are 
the  local  currents  induced  in  the  substance  of  the  armature  conductors, 
and  (generally  but  not  always)  the  effect  of  currents  induced  by  the 
oscillations  in  the  pole  pieces,  the  field  coils,  and  in  any  spedal  coils — 
Le.  damping  coils — put  there  for  the  purpose.  The  eddy  currents 
induced  in  the  iron  and  the  copper  of  an  alternator  are  generally  of 
such  magnitude  as  to  assign  a  positive  value  to  k.  The  free  oscillations 
are  therefore  quickly  damped  and  sUbllity  of  working  will  be  assured. 

Periodic  Time  of  Free  Oscillations.— The  free  osdilations  of 
an  alternator  may  be  compared  with  those  of  a  metal  ring  which  is 
connected  by  means  of  a  clock  spring  to  a  fixed  centre.     If  the  ring 
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be  displaced  by  a  momentarily  applied  tangential  force  out  or  its 
position  of  equilibrium,  the  controlling  force  tends  to  bring  it  back  to 
its  central  position.  The  ring  is  thus  set  vibrating,  and  if  the  magnitude 
of  the  controlling  force  varies  in  direct  proportion  to  the  displacement, 
the  motion  of  any  point  P  on  the  ring  will  be  a  simple  harmonic 
motion  with  regard  to  time.  Let  %mt^  denote  the  moment  of  inertia  of 
the  ring,  then  if  /.  be  the  restoring  moment  which  would  act  if  the 
ring  were  rotated  from  its  position  of  equilibrium  through  unit  angle, 
the  time  of  a  complete  oscillation  is  expressed  by 

In  the  case  of  an  alternator,  the  controlling  moment  of  the  spring  is 
replaced  by  the  synchronising  torque,  and  the  ring  by  the  rotating  field 
system.  Hence,  if  "Sm^  denote  the  moment  of  inertia  of  all  the 
rotating  parts  (crank,  disc,  etc.,  included),  and  /  the  synchronising 
torque  per  radian  of  mechanical  displacement  which  acts  at  the 
instant  the  alternator  deviates  from  the  synchronous  position,  then 
the  time  of  a  &ee  oscillation  is 

/2«P 


It  is,  however,  usual  to  express  the  periodic  time  in  terms  of  the 
electrical  displacement  d, ;  hence,  since /=/x/  =  ~  ./, 


where   -i=-i.--^  ,  has  been  substituted  for  M^     Now  11-'  =  mEL 
«*■       2  irR  9, 

and  /  =  — ■~;  hence,  substituting  these  values  in  the  above  equation, 

the  expression  for  the  periodic  time  of  a  free  oscillation  becomes 


^n/5^=°*' 

■^< 

/      5»r> 

R  Vk.v.a~i. 

I 

where  I  is  the  normal  full-load  current  per  phase,  and  K.V.A.  is  the 
output  of  the  alternator  in  kilovolt-ampferes.  The  periodic  time  of  a 
free  oscillation  therefore  varies  as  the  square  root  of  the  moment 
of  inertia,  and  inversely  as  the  square  root  of  the  ratio  of  short-circuit 
current  to  normal  full-load  current. 
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In  modern  alternators  the  time  of  a  free  oscillation  will  be  long  in 
comparison  with  the  periodic  time  of  the  normal  current  supplied  by 
the  alternator.  Where  free  oscillations  are  the  only  ones,  no  trouble 
will  be  experienced  in  the  parallel  working  of  alternating  current 
generators.  This  is  proved  by  the  fact  that  turbo^ltemators,  owing 
to  the  uniform  driving  torque  of  the  turbines,  have  given  practically 
no  trouble  when  operated  in  parallel.  When  alternators  are  driven 
by  reciprocating  engines  the  case  is  vastly  different. 

Forced  Oscillations.— The  free  oscillations  which  have  just  been 
discussed  are  those  executed  by  the  alternator  when  disturbed  by  a 
temporary  change  of  conditions,  e.g.  when  switched  into  parallel  with 
other  machines  before  exact  synchronism  is  attained,  or  when  the  load 
on  the  machine  is  suddenly  altered.  As  already  stated,  these  oscilla- 
tions in  themselves  are  not  likely  to  cause  instability  of  working,  but 
should  their  periodic  time  be  the  same  as,  or  approximate  to,  other 

oscillations  impressed  upon  the  alternator 

I      \^      I      \^  by  the  prime  mover,   steady  motion  will, 

V      ^"—^v      ^"^^       unless   the  free  oscillations  are  otherwise 
damped,  be  impossible,  and  the  phenomenon 
Cf.  j^^!ii^-  _-^Oi>.^-,_,  p    of  hunting  occurs. 

^  Consider  a    single-crank    double-acting 

steam-engine ;  then  on  each  inlet  of  steam 
there  is  produced  a  knock  upon  the  piston 

I       which  will  be  transmitted  to  the  field  system 

-       One  nvoiuiiDo       -       so  as  to  accelerate  it     This  occurs  twice 
Fig.  27a.-Angulai  velodtj-     f^^  revolution,  and  the  velocity  cun,-e 

curve  for  single  -  cylinder        ^    ,  ■  .1.     .        .■         ■  . 

double-acting  engine.  °f  *"^  ™8'"«  *'"  therefore  be  a  series  of 

waves  {see  Figure  272),  with  two  peaks  for 
each  revolution.  A  two-crank  engine  with  cranks  at  90  degrees  will 
show  four  velocity  peaks  per  revolution,  the  peaks,  however,  being  less 
pronounced.  The  "coefficient  of  speed  variation  "or  "cyclic  irregul- 
arity "  as  expressed  by 

^  maximum  velocity  -  minimum  velocity  _  w,  -  idj 
average  velocity  u,, 

is  smaller,  the  less  the  difference  between  the  maximum  and  minimum 
velocities,  and  varies  inversely  as  the  moment  of  inertia  of  the  rotating 
system. 

The  variations  of  speed  produced  by  the  irregular  turning  moment  of 
a  reciprocating  engine  may  be  considered  as  periodic  oscillations  which 
are  forced  upon  the  field  system.  The  time  in  seconds  of  an  oscillation 
for  a  single-crank  double-acting  engine  is  Tj  =  ^?;  for  a  a-crank 
engine  with  cranks  at  90  degrees,  Tj=  ^5.  ^^  f^^  3-crank  engines 
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with  cranks  at  120  degrees,  T^  =  -''?,  where  R  denotes  revolutions  per 

minute.  If  for  any  alternator  the  time  of  a  forced  osdllation  is  equal, 
or  nearly  equal  to  the  time  of  a  free  oscillation,  "resonance"  will 
result,  and  the  extent  of  the  phase  swinging  will  gradually  increase  and 
cause  the  alternator  to  fall  out  of  step. 

The  relative  crank  positions  of  two  sets  supplying  energy  to  the 
same  network  also  influence  the  nature  of  the  oscillations.  Considering 
two  similar  sets,  in  Figure  274,  there  will  evidently  be  a  greater  turning 
moment  than  in  Figure  273;  hence,  if  two  machines  are  paralleled 
when  the  crank  of  one  is  in  either  of  the  positions  shown  in  Figure  373, 
while  that  of  the  other  engine  is  in  either  of  the  positions  represented 
by  Figure  274,  the  different  turning  moments  will  produce  a  phase 


Fig,  273. 


Fin.  274. 


displacement  between  the  two  alternators,  and  phase  swinging  will 
result.  Better  conditions  of  working  would  obviously  be  obtained  if 
the  machines  could  be  paralleled  at  an  instant  when  electrical  and 
mechanical  synchronism  coincided.  This,  however,  makes  the  process 
of  synchronising  somewhat  more  complicated,  as,  besides  the  phase 
lamps  or  meters,  a  couple  of  bells  must  be  observed,  the  bell  circuits 
being  momentarily  closed  for  a  particular  position  of  the  cranks. 
Owing  to  the  complications  involved,  synchronising  of  the  crank 
positions  is  only  resorted  to  in  the  case  of  very  slow-speed  machines 
which  arc  liable  to  give  trouble  through  hunting. 

In  order  to  obtain  an  expression  for  the  phase  displacement 
resulting  from  unequal  turning  moment  of  the  prime  mover,  it  will  be 
assumed  that  the  load  is  constant.  The  curve  showing  the  deviation  of 
crank  effort  from  the  mean  value  should  be  expressed  by  a  Fourier 
series  of  sine  terms,  but  analysis  of  actual  results  shows  that  the  error 
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caused  by  substituting  a  sine  curve  for  t&  the  irregular  curve  intro- 
duces only  a  small  discrepancy,  comparable  with  the  assumption  that 
I  the  current  curve  of  an 
alternator  is  a  sine  wave, 
or  course,  in  certain 
types  of  gas-enpnes  this 
assumption  would  be  far 
removed  from  actual 
facts,  and  in  such  cases 
the  actual  crank  effort 
curve  should  be  resolved 
into  its  various  harmonics, 
and  those  of  most  im- 
portance investigated 
separately. 

The  equivalent  curve 
of  Figure  275,  showing 
the  variation  of  driving 
torque  with  time,  can  be 
treated  as  made  up  of  a 
constant  torque  M,  and 
a  superimposed  oscillating 
torque  of  amplitude  «„,„ 
Assuming  the  latter  to  vary 
slnusoidally,  the  torque  at 
any  instance  of  time  / 

If  Smr^  denote  the  moment  of  inertia  of  the  rotating  system,  then 
the  oscillating  torque  causes  an  oscillating  acceleration  expressed  by 


where  — ^^  denotes  the  amplitude  value  of  the  acceleration  curve. 

The  oscillating  torque  will,  of  course,  cause  an  oscillation  of  the 
magnet  wheel  about  the  synchronous  position,  but  the  angular  dis- 
placement will  be  by  no  means  in  phase  with  the  oscillating  torque. 
As  the  acceleration  varies  according  to  a  sine  wave,  the  angular  speed 
increases  so  long  as  the  acceleration  is  positive  (see  Figure  275),  and 
when  the  acceleration  goes  through  the  zero  value,  the  speed  will  be 
a  maximum.  When  the  acceleration  is  negative,  the  speed  decreases, 
and  the  minimum  value  of  the  speed  will  be  attained  when  the  accelera- 
tion goes  again  through  zero.  This  means  that  the  oscillations  of  speed 
will  lag  by  just  a  quarter  of  a  period  behind  the  oscillations  of  torque. 
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Let  w  denote  the  instantaneous  value  of  the  angular  velocity,  and 
<u«  the  constant  velocity  upon  which  the  oscillating  velocity  is  super- 
imposed, then 

111  =  Average  velocity  +  variable  velocity 

..,+yV.*=..+,^si„-'.,ft. 

=  <"«  -  ■/»».  — *-  ■  COS  — — 

aw  Ij 

=  ")».  +  <■>>«.  sin  ( ,f-  -  -) 
where  the  amplitude  value  of  the   variable  velocity  =  «(„^  =  y,^— 21 
Now  the  co-efficieot  of  speed  variation  is  given  by 

_  alj  —  «)^  _  (<o„  +  '■i»„)  —  (<■)„  —  otim^)  _  2<a„„ 


So  long  as  the  oscillating  speed  is  positive,  the  displacement  will 
increase  and  attain  its  maximum  value  when  the  oscillating  velocity 
passes  through  zero.  Now,  the  amplitude  of  the  displacement  is  the 
intend  of  velocity  and  time — Lt.  displacement  f»Ai' .  dl,  where  u'  = 
variable  velocity  at  any  instant,  so  that  if  the  maximum  displacement 
S„„=oi«„  -  *  the  equation  for  the  displacement  becomes 

To       .    (2itt       \     r.         .    /2-tet       \ 
.«_  .  ^  ,  sm  (^  --).S™.  s,„  (-^-  -,) 

The  oscillating  displacement  when  superimposed  upon  the  average 
position  will  lag  90  d^rees  behind  the  oscillating  speed,  and  180  degrees 
behind  the  osdilating  torque  or  acceleration  (see  Figure  275).  If  no 
other  variable  forces  are  acting  upon  the  rotating  system,  then  the 
displacement  is  exactly  inverse  to  the  primary  oscillating  torque.  At 
the  instant  when  the  accelerating  torque  is  greatest,  the  backward  dis- 
placement will  be  a  maximum,  and  the  machine  at  this  instant  supplies 
less  than  its  normal  power  to  the  bus  bars. 

Since  q>„„= — -  the  maximum  displacement  can  be  expressed 
thus 
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Now,  Tj  is  the  time  of  one  qrcle ;  hence  w„T,  is  the  angular  dist&nce 
traversed  per  cycle.  Further,  if  «j  denotes  the  number  of  cycles  per 
revolution  ,_      t  _  =  '  -„^ 


If  /  denotes  the  number  of  pairs  of  poles,  then  the  displacement 
expressed  in  electrical  degrees  is 

"•"r^-vl-^- ("> 

From  this  equa^on  it  will  be  observed  that  the  maximum  phase  dis- 
placement of  the  rotor  produced  by  the  uneven  turning  moment  of 
the  prime  mover,  is  directly  proportional  to  the  coefficient  of  speed 
variation  and  inversely  proportional  to  the  number  of  cycles  per 
revolution. 

Size  of  Fly-wheel 

For  the  steady  running  of  alternators  in  parallel  the  coefficient  of 
speed  variation  a  must  be  kept  within  certain  defined  limits  by  giving 
sufficient  fly-wheel  effect  to  the  engine,  otherwise  the  phase  displace- 
ment 6,  may  exceed  the  value  corresponding  to  stable  working.  In 
order  to  determine  the  size  of  fly-wheel  required,  there  must  first  be 
obtained  from  the  combined  indicator  diagrams  of  the  several  cylinders, 
a  crank  effort  curve.  If  a  mean  effort  line  £F  be  drawn  then  the 
largest  of  the  areas  lying  above  or  below  the  mean  effort  line  is 
called  the  fiuctuation  of  energy  SS.  The  ratio  of  this  to  the  total 
work  done  per  cycle  is  called  the  coefficient  of  fluctuation  of  energy, 
and  will  be  denoted  by  k.  The  value  of  it  will  be  considerably  influenced 
by  the  number  of  cylinders  and  arrangement  of  the  cranks,  but  for  a 
given  engine  is  constant.  The  size  of  the  fly-wheel,  as  expressed  by 
its  moment  of  inertia  2mr^,  to  fulfil  certain  conditions,  is  obtained 
thus — 

Let  S  denote  the  total  energy  stored  in  the  fly-wheel  when  rotating 
uniformly  at  normal  speed,  £S  the  fluctuation  of  flywheel  ene^y,  <r 
the  specified  co  efficient  of  speed  variation,  and  W  the  work  done  by 
the  engine  during  one  cycle — i.e.  a  period  of  torque  oscillation. 

Now,  S  =  J  •i.mr^^ 

and  ££  =  ??'-^( V -  V)  =  -'-{->,  +  "j) (»i - «)») 


IS,=  ^^  .  2  ^4a>,-o,,)  =  SMr'<-„»('^l^) 
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But  >y  =  *  =  coefficient  of  fluctuation  of  energy 


Hence  2»i)^<o„>  =  "- ,  ,>.-^^  =  amrS 


Since  the  mean  power  developed  by  the  engine=  HP  x  76  kilogramme 
metres  per  second,  the  work  done  per  cycle  is 

W=76  HP xT, kilogramme  metres (98) 

Tj  is  the  time  of  a  cycle,  and  for  an  engine  having  w,  cycles  per  revolu- 
tion is  given  by  T3  -  -^  =  ^,    The  moment  of  inertia  'Xmt^  having 

been  determined,  the  diameter  and  mass  should  be  proportioned  so 
as  to  give  a  convenient  mass  of  wheel. 

Effect  of  Synchronising  Torque  upon  the  Displacement 
resulting  from  Forced  Oscillations : — In  deriving  the  formula  for 
the  displacement  $,  of  the  field  system,  it  has  been  assumed  that  the 
resisting  torque  is  that  due  to  the  load  only,  and  is  therefore  constant. 
But  it  has  been  shown  in  a  previous  section  of  this  chapter,  that  when 
the  rotor  of  the  alternator  working  in  parallel  with  others  deviates 
from  the  synchronous  position,  a  torque  is  set  up  tending  to  pull  the 
tield  system  back  to  the  mean  position.  The  synchronising  torque 
will  vary  with  the  displacement,  being  alternately  positive  and 
negative  according  as  the  rotor  lags  or  leads:  hence,  if  there  be 
no  damping,  the  oscillations  in  the  synchronising  torque  will  be  in 
phase  with  the  oscillations  in  the  driving  torque.  When  the  syn- 
chronising torque  corresponding  to  any  oscillating  displacement  of 
amplitude  Q,  is  superimposed  upon  the  oscillating  torque  due  to  the 
prime  mover  (Figure  275),  the  result  is  that  the  amplitude  of  the 
oscillating  torque  is  augmented,  thus  increasing  the  acceleration,  the 
variable  velocity,  and  the  displacement  beyond  the  original  values. 
This  will  in  turn  give  a  larger  synchronising  torque  and  correspondingly 
increased  displacement,  the  cycle  of  operations  being  repeated  until  a 
final  displacement  0,  is  reached.  The  diagrams  in  Figure  275  are 
therefore  not  quite  correct,  and  should  be  rectified  step  by  step  by  aid 
of  the  combined  diagram  until  the  ultimate  displacement  6,  is  obtained. 
The  determination  of  the  final  value  of  the  synchronising  torque  in 
this  manner  would  be  exceedingly  laborious.  The  following  graphical 
construction,*  however,  forms  a  basis  for  a  more  rapid  solution  of  the 
problem. 

Keferring  to  the  vector  diagram  of  Figure  276,  let  OA  represent  the 
•  E.  Rraentierg,  Ehclretethnhckt  Ztits(hrifl  (190^),  vol.  xxi]i   p.  450, 
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amplitude  value  of  the  oscillating  toique  as  obtained  from  the  crank 
effort  diagram.  This  vector  will  be  supposed  to  make  one  revolution 
in  the  time  Tj  (  =  time  of  one  cycle),  its  projection  on  the  vertical 
axis  giving  the  instantaneous  value  of  the  variable  torque.  The  second 
vector  OB,  lagging  90  degrees  with  regard  to  OA,  represents  the 
amplitude  value  of  the  oscillating  speed.  Now,  since  the  oscillating 
displacement  lags  90  degrees  behind  the  oscillating  speed  and  180 
degrees  behind  the  initial  oscillating  torque,  its  amplitude  value  can 
be  represented  by  the  vector  OC.  Each  vector  must,  of  course,  be 
drawn  to  its  proper  scale,  SO  that  there  are  actually  three  scales,  but 
each  bearing  a  definite  ratio  to  the  scale  of  the  preceding  vector.  The 
scale  for  OC  should,  further,  be  such  that  OC  in  the  scale  of  the 
driving  torque  represents  the  synchronising 
torque  due  to  the  displacement  fi^ 

With  an  original  displacement  OC,  then, 
owing  to  the  reaction  of  the  alternator  upon 
the  prime  mover,   the  actual  vector  of  vari- 
able torque  is  not  OA  but  OA  +  OC.     The 
increased     oscillating    torque    produces,    of 
course,    an    increased    displacement,   which 
7  ^    goes   on    until  a  final   value   0,  is   attained. 
The  latter  is  found  as  follows : — Draw  OB, 
parallel    to    AB;    CBj    parallel    to    OB; 
and    B,Ci    parallel    to    BC:    then,    since 
CCj     OC  , 
6C"0A' 
^  displacement  due  to  the  synchronising  torque. 
Fig.  276.  Repeating  this  construction,  it  will  be  found 

that  the  points  B,  Bj,  Bj,  etc.,  lie  on  a 
straight  line,  so  that  the  final  value  OC,  will  be  found  by  going  through 
the  construction  once  and  producing  the  line  BB,  until  it  cuts  the 
vertical  axis  in  C^  The  final  value  of  the  oscillating  torque  is  then 
represented  by  C,A  =  OA  +  OC„  and  if  from  C„  a  line  be  drawn 
parallel  to  CB  it  will  cut  off  from  the  horizontal  the  length  0B„  which 
represents  the  amplitude  value  of  the  final  variable  velocity.  Since  the 
triangles  CBjO  and  OBA  are  similar 

CB|  ^  OC  ^  sjmchronising  torque 
OB     OA         variable  torque 

This  is  called  the  reuctiort  quotient  and  will  be  denoted  by  g,  so  that 
CB,-^.OB,  andOC  =  ?.  OA. 

Also,  since  the  triangles  C„CB,  and  C.OB  are  similar, 

OC,_       OB       ^        OB      ^         OB  _     r 

OC      0B~01J     OB-CB,     OB-?.OJJ      i-q 


',  CC^  will  represent  the  additional 


,  Google 
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Hence,  the  final  value  of  the  synchronising  torque  is  expressed  by 
OC,=  -^xOC^ — ^  xOA 


The  factor  -3—  is  a  very  important  characteristic  to  be  taken  into 
I  -q 

account  when  an  alternator  has  to  be  operated  in  parallel  with  others. 

For,  with  a  given  initial  oscillating  torque,  the  final  displacement  B^  will 

depend  upon  the  value  — —     Thus,  if  the  synchronising  torque  OC 

equals  ,'„,  \,  and  \  of  the  initial  variable  torque  OA,  the  final  displace- 
ment OC,  will  be  Vi  I  o'  f  times  the  initial  displacement  OC,  and 
the  actual  coefficient  of  speed  variation  is  V>  zi  x  times  greater  than 
that  due  to  the  prime  mover  alone. 

Since  the  scale  OC  also  represents  the  angular  displacement  of 
the  rotor,  it  follows  that  for  an  initial  displacement  B„  the  final  value 
will  be  expressed  by 


(99) 


When  a  is  less  than  unity,  the  factor will  have  finite  values,  but  if 

\-q 

q=i  they  will  be  infinite.     That  means,  for  any   initial  oscillating 

torque  except  for  one  of 

infinitesimal    value,    the 

final    oscillations    would 

be    infinite   when   q=i. 

This  is  a  state  of  affairs 

which  is  reached   if  the 

duration  of  an  oscillating 

torque   cycle    is   exactly 

equal  to  the  periodic  time 

of  a   free  oscillation,  i.e.    i 

when  there  is  complete 

resonance.      If   ^    be 

greater   than   unity,   the 

factor win  i^ain  be 

l~q 
finite,  but  with  the  sign 
reversed.    In  Figure  277, 


1 

1 

/ 

/ 

/ 

< 
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/ 

the  values  of 


-  have 


Fig.  877. 


been  plotted  as  a  function  oiq,  and  it  will  be  noted  that  near  the  point 
of  resonance— /.ft,  when  q^  i — the  displacement  increases  very  rapidly. 
It  is  therefore  not  advisable  to  approach  too  closely  the  critical  value  ^, 
for  oscillations,  when  once  started   by  any  small  amount  of  speed 
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variation,  may  rapidly  increase  to  such  an  extent  that  parallel  running 
is  impossible,  and  the  alternator  drops  out  of  step.  Although  it 
is  always  desirable  to  keep  the  initial  displacement  small,  the  steady 
running  of  alternators  in  parallel  does  not  depend  so  much  upon  this 
as  upon  the  value  of  the  reaction  quotient  q.  This  should  be  kept 
as  small  as  possible  in  order  to  keep  down  the  final  displacement, 
and  the  resulting  suiting  of  power  between  the  machine  and  the 
bus  bars. 

Damping. — In  actual  machines,  the  above-mentioned  point  of 

instability,  where  the  value  of  the  factor  — —  changes  from  +  oo  to  -  « 
I  -q 

does  not  really  exist  because  the  free  oscillations  are,  to  a  more  or  less 

extent,  damped  by  the  presence  of  a  third  torque.     When  the  armature 

of  a  polyphase  alternator  supplies  current,  a  rotating  magnetic  field  is 

set  up  by  the  armature  M.M.F,,  and  should  the  magnet  wheel  not  be  in 

perfect  synchronism  with  this  field,  but  show  oscillations  superimposed 

upon  the  synchronous  motion,  then  currents  will  be  induced  in  every 

closed  circuit  that  presents  itself  on  or  near  the  pole  face.     These 

currents  are  proportional  to  the  vector  of  osdllacing  speed,  and  set  up 

a  torque    directly  opposed 

'n  ^v^  f^     EU =^^1^     *°  ''■  '"■  '''^y  '^'^  ^°  "^"P 

down    the   oscillations.     If 
special  windings  of  very  low 
resistance  be  imbedded  in 
F>G.  3;8.-Damping  coiu.  '^e  pole  shoes  (see  Figure 

378),  then  the  induced  cur- 
cents  and  abo  the  torque  corresponding  to  a  given  oscillating  speed 
will  be  high.  Should  there  only  be  solid  pole  shoes,  the  higher  resist- 
ance of  the  iron  will  then  reduce  the  damping  torque  for  a  given 
oscillating  speed.  With  laminated  pole  shoes  the  torque  will  be  still 
further  diminished,  but,  as  the  laminations  do  not  permit  of  large 
damping  currents,  the  action  will  go  deeper,  and  will  be  visible  in  the 
field  coils,  which,  in  the  former  cases,  are  protected  by  the  currents 
near  the  pole  faces.  Even  with  laminated  pole  shoes  a  damping 
torque  is  always  present,  which  must  be  taken  into  account  in  the 
determination  of  the  final  displacement  of  the  rotor. 

When  special  windings,  known  as  "  amort isseurs,"  or  damping  coits, 
are  fitted  to  the  pole  shoes  they  generally  take  the  form  shown  in 
Figure  278.  A  number  of  heavy  copper  rods  R  are  imbedded  in 
tunnels  close  to  the  face  of  each  pole,  and  have  their  ends  riveted  to 
a  solid  casting  S  of  copper  or  bronze  so  as  to  form  a  grid  simitar 
to  that  of  the  squirrel  cage  rotor  of  an  induction  motor.  By  fitting 
such  damping  coils  to  the  pole  shoes  the  eddy  currents  are  constrained 
to  flow  along  those  paths  in  which  they  will  be  most  efficient  in 
producing  a  damping  torque.      In  some    designs  the   amortisseura 


R 


1==^ 


ALT&RNATORS 


3^9 


be  modified  so  as  to 
A.' 


consist  simply  of  g:uii-metal  rings  G  (Figure   134,  page  196),  which 
also  serve  to  retain  the  field  coils  in  position. 

For  single-phase  alternators  the  action  of  the  damping  currents  are 
somewhat  different  and  are  not  so  effective  as  in  the  case  of  polyphase 
machinery.  For  the  magnetomotive  force  of  the  armature  sets  up  an 
atternating  magnetic  field  which  can  be  resolved  into  two  components, — 
(i)  a  synchronous  field  and  (a)  an  inverse  field.  The  former  induces 
currents  in  the  amortisseurs  when  the  state  of  steady  running  is 
disturbed,  whilst  the  latter,  moving  backwards  relative  to  the  poles 
with  double  the  synchronous  speed,  induces  an  alternating  current 
having  twice  the  machine  frequency  in  the  damping  coils.  Owing  to 
the  high  inductance  of  the  circuits,  the  currents  induced  in  them  by 
the  inverse  field  will  rarely  be  la^e,  so  that  the  damping  torque  is 
generally  smalL 

The  vector  diagram  of  Figure  376  must  now 
take  into  account  the  torque  due  to  damping. 
The  latter  can  be  determined  experimentally 
by  running  the  machine  as  an  induction  motor, 
and  loading  it  by  means  of  a  suitable  brake. 
The  slip  corresponding  to  any  particular  load 
is  measured,  and  the  ratio  of  brake  torque  to 
slip  will  then  be  the  same  as  the  ratio  between 
damping  torque  and  oscillating  speed,  i.t.  damp- 
ing   torque  =  brake   torque  x .  °   ^ — . 

speed  of  slip 
The  vector  OD  (Figure  279)  representing  the    B, 
damping  torque  is  then  drawn  in  opposition  to 
the  vector  of  variable  velocity,  the  scale  for  the 
oscilladng  speed  being  so  chosen  that  the  length  Fig.  379. 

of  the  speed  vector  is  identical  with  the  length 
of  the  damping  torque  vector  corresponding  to  this  speed.  Now, 
since  it  must  have  a  component  equal  and  opposite  to  the  damping 
moment,  the  primary  oscillatbg  torque  wilt  no  longer  be  exactly 
opposite  in  phase  to  the  displacement,  but  will  lead  by  an  angle  of  less 
than  180  degrees  as  indicated  by  OA.  The  component  of  the  torque, 
which  is  effective  in  producing  an  initial  displacement,  is  therefore  less 
than  OA,  and  is  represented  by  O A^  =  OA  cos  a,  where  a.  is  called  the 
angle  of  damping. 

The  damping  torque  has  therefore  the  effect  of  decreasing  the 
initial  displacement,  but,  unless  it  has  a  value  nearly  equal  to  the 
primary  oscillating  torque  the  action  of  the  damping  c<nls  will  have 
very  little  effect  in  diminishing  the  mechanical  oscillations.  For 
example,  when  the  damping  torque  equals  50  per  cent,  of  the  primary 
torque  OA  (Figure  279)  the  effective  component  OAj  is  only  reduced 
to  0.866  OA.     In  order  that  OA,  may  be  one-half  of  the  primary 
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oscillating  torque,  the  damping  torque  must  be  87  per  cent,  of  the 

primary  torque  OA. 

In  a  damped  machine  the  oscillations  in  output  are  due  not  only 

to  the  synchronous  oscillating  torque  OC.'  but  also  to  the  damping 

toique  which  is  maintained  by  currents  taken  from  or  supplied  to  the 

network.  Hence  the  oscillating  power  superimposed  upon  the  average 
output  of  the  machine  consists  of  a  synchronous 
component  OC,'  in  phase  with  and  in  the  same 
direction  as  the  displacement,  and  an  asyn- 
chronous component  ODj  in  phase  with  and  in 
the  same  direction  as  the  oscillating  speed. 
The  resultant  of  ODj  and  OC,',  i.e.  OP,  will  then 
represent  the  oscillating  torque  from  which  arise 
the  oscillations  of  power  between  the  machine 
and  the  network. 

Besides  showing  the  effect  of  damping  upon 
the  mechanical  oscillations,  the  diagrams  in 
the  last  two  figures  also  provide  a  means 
whereby  the  oscillations  of  power  in  a  damped 
machine  can  be  compared  with  the  oscillations 
in  a  machine  having  n^ligible  damping.  Since 
the    damping    torque  =  OD,   =  OA  sin  a    and 

0C„'  =  OC  cos  a  the    oscillating   torque   transmitting   power    to    the 

network  is 


OP  =  VOC„'"  +  OD,*  =  :^/0C,^  cos*  o  +  O  A*  sin'  a 

From  Figure  279  it  is  obvious  that  when  OC„  =  OA,  OP  =  OC„  and 
that  OP  will  be  greater  or  less  than  OC,  according  as  OA  is  greater  or 
less  than  OC,.    From  this  it  follows  tliat  when  OP  ■=  OC. 

X  -OC,^J)C,  _ 

i-?"dA°  OC,  "' 

(i.e.?  =  o.5) 

But  when  OP  is  greater  or  less  than  0C„  -^  is  smaller  or  greater 

than    I.     Though  damping  in  all   cases  decreases   the  mechanical 

oscillations,  the  power  oscillations  decrease  only  when   -—  is  more 


than  r 


When 


I  the  power  oscillations  are  unaffected  by  the 


damping  torque.  For  values  of  -— -  less  than  1  the  damping  actually 
increases  the  oscillations  of  power;  but  this  should  give  no  trouble 
provided  the  fluctuations  do  not  exceed  about  25  per  cent,  of  the 
normal  output. 
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Permissible  Values  of  Phase  Displacement  and  Cyclic 

Irregularity.^ For  the  successful  working  of  alternators  in  parallel, 
the  initial  displacement  Q,  of  the  field  system  from  the  synchronous 
position  due  to  the  cyclic  irregularity  of  the  engine  must  be  kept  within 
certain  limits,  determined  by  the  nature  of  the  load  connected  to  the 
bus  bars.    Since  the  initial  displacement  is  expressed  in  equation  97  by 

tf,  =  -^ .  ^—   .  /  electrical  degrees 
,-0.035.  «,.-.,.! 

where  h,  denotes  the  number  of  cycles  per  revolution  and  p  the  pairs 
of  poles.  Hence,  so  far  as  parallel  workmg  is  concerned,  the  per- 
missible speed  variation  or  cyclic  irregularity  should,  for  a  given  phase 
displacement  0^  be  directly  proportional  to  the  number  of  cranks  (not 
placed  180°  apart),  and  inversely  proportional  to  the  number  of  poles. 
Now  experience  shows  that  to  obtain  good  results  the  maximum  per- 
missible initial  displacement  should  be  limited  to  ±  3  electrical  degrees,* 
i.e.,  ±  3//  mechanical  degrees.  For  instance,  in  the  case  of  a  3-crank 
engine  direct  coupled  to  a  50  ~  alternator  running  at  350  R.P.M., 
/=  13,  so  that  the  permissible  cyclic  irregularity  should  not  exceed 
<r-o.o35X3X  3  X  1^^  =  0.036  =  jV 

If  the  same  ^pe  of  engine  were  employed  to  drive  an  alternator  of 
the  same  frequency  at  say  100  R,P.M.,  then/ =  30  and 
o-  =  ao3Sx 3x3x^  =  0.0105-  T,'i 

Again,  if  similar  ei^es  were  used  for  driving  15—  alternators,  the 
permis^ble  cyclic  irregularity  could  for  the  same  initial  displacement  be 
as  high  as  -5^  and  ^  respectively.  These  examples  show  that  in  so  far 
as  parallel  running  is  concerned  a  low  frequency  is  an  advantage,  for  a 
bigger  coefficient  of  speed  variation  will  then  be  permissible,  thus 
diminishing  the  fly-wheel  mass. 

In  settling  the  value  of  the  permissible  speed  variation  it  should 
further  be  remembered  that  the  driving  torque  of  the  prime  mover  is 
subject  to  continued  changes,  which  are  due  to  variations  in  the  steam 
pressure  or  in  gas  engines,  changes  in  the  composition  of  the  gas, 
varying  loads,  etc.  The  fluctuations  of  energy  due  to  these  changes 
may  be  greater  than  those  of  the  normal  diagram,  but  they  are  not 
connected  with  the  coefficient  of  speed  variation.  A  gas-engine  or 
single-cylinder  steam-engine  with  a  large  cyclic  irregularity  will  take 
scarcely  any  notice  of  these  fluctuations,  as  the  fly-wheel  mass  will  be 
sufficient  to  store  the  excess  of  energy  without  the  least  trouble.  But 
in  a  multi-crank  steam-engine  set,  with  a  high  degree  of  unifonnity, 

*  Recommended  by  EDeinecring  SUndudi  Comnuttee  on  RedproaUing  Steam 
E^i^nes,  1909. 
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the  mean  driving  torqtie  will  difTer  comparatively  little  from  the  maxi- 
mam ;  the  fly-wheel  mass,  if  settled  solely  lirom  the  permissible  value 
of  speed  variation,  would  then  be  comparatively  small,  with  the  result 
that  the  above-mentioned  irregular  changes  would,  besides  interfering 
with  the  free  and  forced  oscillations  of  the  alternator,  pat  severe  Stnuns 
upon  the  en^ne. 

For  these  reasons  the  engine  builders  invi^iably  give  sufGcient 
fly-wheel  mass  to  limit  the  cyclic  irregularity  to  about  y^^  in  the  case  of 
single-crank  engines.  In  multi-crank  sets  a  much  smaller  coefficient  of 
speed  variation  is  desirable  for  purely  mechanical  reasons,  so  that  the 
cyclic  irrt^ularity  will  seldom  be  more  than  ^-iij,  whilst  jj^  should  be 
considered  the  limit  in  the  other  direction,  as  otherwise  the  cost  of  the 
fly-wheel  becomes  unnecessarily  lai^e.  Hence,  except  in  the  case  of 
very  slow  speed  machines,  the  engine  builder  provides  a  greater  fly- 
wheel mass  than  is  actually  necessary  for  electrical  purposes. 

Critical  Periodic  Time  of  an  Oscillation. — Let  S..^  as  before, 
denote  the  maximum  value  of  the  displacement,  then  from  page  363 


S™„=w«„  -^,  but  w„„=y«„— *  and  y«„=^^ 
t  s     ="'-^^    -ii- 


mechanical  radians 


_»»-«      ^», /electrical  radians  =  (J, 
Sm^    4ir*   -^ 

Now,  from  equation  95,  page  357,  the  synchronising  power  of  an 
ffi-pbase  alternator  is 

Smr*     4jr* 
Let  T,  denote  the  time  of  a  revolution,  and  M,  the  synchronising 
torque  in  kg.  metres,  then 


W,  =  M,.9.8i  . ; 


T,_otEI,    m„^    T,.T,i 
%«■     9.81      Sm^'    8«« 


■  p  kg.  metres 


Since  the  reaction  quotient  is  the  ratio  of  synchronising  torque  to 
oscillating  torque 

IC^wEI,      _r_    "IVr,* 

^    w—     's^Sr  '  2wH'   8^*  ' 

Now,  when  ^  =  i,  the  synchronising  torque  is  equal  to  the  initial  oscillating 
torque  and  the  oscillations  increase  indefinitely.     For  such  a  condition 


9.81      S/nr"      SffS  ° 


.  .DO' 


^glc 
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so  that  the  cnticd  periodic  time  of  an  oscillation  is 


'V^M^ 


S«,      ^ ,  ,     A- 81    ■Swr' ■Sir' 
V  OT.E.I.T,./ 


If  K,  denote  the  wei^t  in  kilogrammes  of  the  rotating  masses,  and 
D  the  diameter  of  gyration  in  metres,  then  Sm^  —  K,        and 

""        W  Wei.  ■   'JV  ■  roo/        ^  J  m%    h    I     ^°Q°/* 

=o.Q026     y'' ^^^         (100) 

^  K.V.A.  ~  .  i' 

where  I  is  the  full-load  current  per  phase,  and  K.V.A.  the  output  in 
kilo-volt-amp^res.  From  page  365  the  periodic  time  of  a  forced  oscilla- 
tion is 

T  =  30 
*    R». 

Experience  shows  that  the  periodic  time  of  a  forced  osdllation 
should  not  approach  too  closely  the  critical  value  Tcr,n  and,  damping 
Delected,  the  usual  practice  is  to  make  T„„  at  least  1.4  times  T^; 
that  is,  the  natural  frequency  of  the  alternator  should  not  exceed  70 
per  cent,  of  the  frequency  of  the  impulses  impressed  hy  the  prime 
mover.  Now,  in  practice,  the  fly-wheel  is  generally  designed  by  the 
engine  builder  for  a  standard  cyclic  irregularity.  K,D*  being  thus  fixed 
the  electrical  designer  has  only  to  check  whether  the  given  value  is 
likely  to  cause  trouble  or  not.  In  medium  speed  sets  the  fly-wheel 
effect  necessary  for  mechanical  reasons  wilt,  as  already  stated,  generally 
be  ample  to  keep  the  critical  periodic  time  well  above  that  mentioned 
above.  In  slow-speed  machines,  with  a  fixed  fly-wheel  effect,  the 
critical  value  could  be  avoided  by  decreasing  the  radial  depth  of  the 
air-gap  so  as  to  decrease  the  apparent  impedance  of  the  armature,  and 
therefore  the  value  of  the  short-circuit  current  I^  Such  a  procedure 
may,  however,  seriously  affect  the  inherent  regulation  of  the  machine, 
and  in  general  cannot  be  applied  to  any  great  extent.  In  cases  where 
the  critical  value  is  likely  to  be  approached,  the  most  satisfactory 
commercial  result  is  obtained  by  a  compromise  between  a  large  fly- 
vrtieel  effect  and  a  small  short-circuit  current.  Of  course,  when  near  to 
resonance,  amortisseurs  must  be  fitted  into  the  pole  shoes,  and,  provided 
that  the  primary  oscillations  are  kept  very  small,  these  may  be 
sufficient  to  prevent  hunting  ev«i  should  complete  resonance  occur. 

When  calculating  the  value  of  T,ra  it  must  be  remembered  that 
neither  the  voltage  E  of  the  machine  nor  the  short-circuit  current 
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I,  are  constant  but  vary  with  the  load  of  the  station.  In  most 
supply  systems  the  voltage  at  the  consumer's  terminals  is  kepi 
approximately  constant,  so  that  it  is  necessary  to  generate  suffident 
voltage  lo  compensate  for  the  drop  in  the  feeders.  The  usual 
values  of  I,  would  range  from  about  2.5  to  3.5  times  the  nonnal 
current  according  as  the  station  load  is  small  or  large. 

Influence  of  Shape  of  E.M.F.  Waves. — So  far  it  has  been 
assumed  that  the  E.M.F.  waves,  for  all  the  alternators  connected 
to  the  same  network,  are  of  the  same  shape,  but  when,  as  will  often 
be  the  case,  the  form  of  the  E.M.F.  curves  are  dissimilar,  there  will 
always  be  a  resultant  E.M.F.  acting  round  the  circuits  between  the 
various  armatures.  For  instance,  consider  two  single-phase  alternators 
whose  respective  E.M.F.  waves  can  be  expressed  by  the  equations 

E,=  E,  sin// 
and  E„  =  E,  sin  pt  +  Eg  sin  3  pt 

When  these  machines  are  worked  in  parallel,  the  resulting  E.M.F. 
acting  through  the  circuits  of  the  two  armatures  will  be 
ER=Eu-E,  =  EBsin3// 

This  resultant  E.M.F.  will  set  up  a  synchronising  current  having 
a  frequency  three 
limes  that  of  the 
main  current. 
Should  the  wave 
.  forms  be  very  dis- 
similar, the  resulting 
oscillations  of  cur- 
rent between  the 
machine  and  the 
bus  bars  might  be 
so  great  as  to  rein- 
force the  free  oscil- 
lations  of  the 
machines,  and  so 
produce  hunting, 
and  thus  render 
Fig.  281.  parallel  working  im- 

possible. Alternat- 
ors intended  for  parallel  running  should  always  be  designed  to  give  an 
E.M.F.  wave  which  approximates  very  closely  to  a  sine  curve.  For, 
although  the  oscillations  of  power  from  this  cause  may  not  be  large 
enough  to  cause  unstable  working,  they  increase  the  copper  loss  in 
the  armature;  and  further,  should  the  periodic  time  of  theforced 
oscillations  approach  too  closely  the  natural  period  of  the  machine, 
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the    interference    due    to    dissimilar    wave    shapes    might    tend   to 
produce  resonance  when  large  fluctuEitions  in  the  load  take  place. 

That  the  synchronising  current  due  to  this  cause  may,  under 
certain  conditions,  be  by  no  means  a  negiigible  factor  will  be 
obvious  from  the  curves  shown  in  Figure  281.  A  and  B  are  the 
open-circuit  E.M,F.  curves  for  two  6oo-K.V,A.  zooo-volt  single-phase 
alternators  which  are  connected  to  the  same  bus  bars.  The  triple' 
frequency  curve  C  is  that  of  the  synchronising  current  passing  between 
the  two  machines  when  operated  in  parallel  on  a  steady  load  and 
with  their  fields  normally  excited.  The  R.M.S-  value  of  the  syn- 
chronising current  in  this  case  is  about  15  amperes. 

Three-Phase  Alternators  with   Earthed   Neutrals.— In 

order  to  prevent  undue  rise  of  potential  in  a  3-phase  transmission 
system  supplied  with  current  from  star-connected  generators,  the 
practice  of  earthing  the  neutral  point  of  each  winding  is  sometimes 
adopted.  If,  with  earthed  . 
neutrals,  the  phase  E.M.F. 
wave  forms  of  the  various  - 
machines  differ  from  each 
other,  then  the  resultant 
E.M.F.  will  set  up  local 
currents  through  the  earth- 
ing wire  between  the  various 
generators,  as  shown  in 
Figure  282.  From  the 
latter  it  will  be  observed 
that  between  any  two 
machines  there  are  three 
circuits  in  parallel,  with  one 
earth  return.  The  resultant  E.M.F.  due  to  the  fundamental  waves 
tending  to  send  current  through  this  earth  circuit  will  be  zero,  but, 
since  the  third,  ninth,  etc.,  harmonics  are,  for  a  symmetrical  winding, 
in  phase  with  each  other  (see  page  133),  they  will  produce  cunents  in 
this  circuit.  The  triple-frequency  currents  are,  especially  on  full  load, 
the  most  important,  and  experience  shows  that  they  are  the  only  ones 
that  need  be  taken  into  consideration. 

Referring  to  the  3-phase  winding  shown  diagram matically  in 
Figure  383,  if  each  phase  carry  a  triple-frequency  current  of  equal 
magnitude,  then  at  the  instant  of  maximum  values  the  direction  of 
these  currents  will  be  indicated  by  the  crossed  and  dotted  circles. 
Since  adjacent  coils  neutralise  each  other,  the  demagnetising  action 
of  the  armature  M.M.F.  upon  the  main  magnetic  circuit  will  be 
almost  negligible,  so  that  the  apparent  impedance  of  the  armature 
winding  in  so  far  as  these  currents  are  concerned  will  be  very  small, 
unless  the  true  self-inductance  of  the  windings  has  an  abnormally 
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high  value.  This  explaina  why  very  large  triple-frequency  currents 
are  observed  in  practice,  even  when  the  wave  forms  of  the  phase 
E.M.Fs.  of  the  alternators  contain  relatively  small  third  hamicKiics. 
Owing  to  the  wide  slots,  long  air-gaps,  and  small  number  of  conductors, 
turboaltemators  have  a  much  lower  reactance  voltage  than  slow  or 
medium  speed  machines  designed  for  the  same  output  Hence, 
these  triple -frequency  currents  will  be  more  pronounced  in  turbo- 
alternators  than  in  slow  speed  sets,  and  this  has  been  amply  verified 
in  practical  working. 

Professor   Marchant   and  J.  K.  Catterson-Smilh  *  have  recently 


Fig.  283. — Showing  direction  of  triple-frequency  cunents. 


Neutral  current 


investigated   the  nature  of  these  local  currents  when  two  types  of 

3000-K.V.A.   turbaaltemators    by    different    manufacturers    were    run 

in  parallel.     The  phase  E.M.F.  wave  forms  were  very  nearly  sinusoidal, 

and  when  analysed  were  found  to  satisfy  the  following  equations : — 

Type  A    f.=  roo  sin//-;  sin  3//- 9  sin  5// 

Type  B     c>=roo  sin //-3  sin  3/^+4  sin  5// 

the  normal  full-load  current  per  phase  being  200  amperes.     When 

two  machines  of  the  same  type  were  in  parallel  the  current  circulating 

in  the  neutral  was  found  to  be  very  small, 

varying  from   5   to  6  amperes.     When, 

however,  a  machine  of  Type  A  was  run 

in   parallel   with  a  machine  of  type  B, 

[he  triple   frequency    component   of  the 

E.M.F.  was  sufficient  to  give  a  current 

of  60  amperes  through  the  neutral  wire 

(see   Figure   384).      It  was   also   found 

that  the  value  of  the  neutral  line  current 

could  be  increased  to  lao  amperes,  if 

the  excitation  of  the  two  machines  were  such  as  to  make  their  loads 

of  different  power  factors. 

Besides    causing    additional    heating   in    the    armatures   of   the 
machines  working  in  parallel,  these  currents,  being  practically  watt- 


*  Elietrician  (1909),  vol.  Ixiii.  p.  674. 
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less,  reduce  the  power  factor  of  the  machines  through  which  they 
circulate.  When  a  power  factor  meter  is  connected  to  a  machine 
supplying  these  currents,  its  reading  may  be  considerably  lower  than 
that  corresponding  to  the  real  angle  of  lag  between  the  fundamental 
wave  of  terminal  voltage  and  the  fundamental  wave  of  current.  This 
may  cause  difficulty  in  parallel  working,  as  the  alternators  would 
have  their  excitations  adjusted  so  as  to  give  the  same  reading  on 
the  power  factor  meters,  and  this  adjustment  may  not  correspond  to 
minimum  circulating  current.  The  method  of  determining  the  best 
power  factor  for  any  individual  machine  coupled  to  the  bus  bars 

would  be  to  find  the  excita-  

tion  for  which  the  current 
flowing  to  it  through  the 
neutral  wire  is  a  minimum. 
Various  methods  have 
been  adopted  for  getting  rid 
of  the  triple-frequency  cur- 
rents in  an  earthed  s-phase 
system.  One  method  (see 
Figure  385)  is  to  have  the 
star-point  of  each  alternator 
connected  through  choking 
coils  KK  to  a  bus  bar  BB, 
which  is  earthed  through  a 
low  resistance  R.  The  im- 
pedance of  the  coils  K  to 
the  triple-frequency  currents 
will  be  three  times  that 
offered  to  a  current  of 
normal  frequency;  it  is 
therefore  equivalent  to  a 
resistance  whidi  falls  to  one-third  its  previous  value,  whenever  it  has  to 
carry  an  out-of-balance  current  due  to  a  fault,  and  so  will  not  interfere 
with  the  proper  operations  of  the  circuit  breakers.  In  another  method, 
due  to  J.  H.  Rider,*  a  switch  is  designed  so  as  to  automatically 
connect  the  neutral  point  of  one,  and  only  one,  of  a  number  of 
parallel  machines  to  earth.  This  method  eliminates  the  triple- 
frequency  earth  currents  entirely,  but  it  is  open  to  one  objection, 
namely,  that  the  neutral  points  of  the  unearthed  machines  may  rise 
to  fairly  high  potentials,  the  magnitude  of  which  depends  upon  the 
value  of  the  triple-frequency  component  of  E.M.F.  in  the  wave  of 
phase  voltage. 

'  Jeum.  eftkc  lust,  of  Elal.  Engineert  (1909),  vol.  xliii.  p.  261. 
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CHAPTER  XII 

DESIGN  OF  ALTERNATORS 

Alternating  current  generators  have,  in  nearly  every  case,  to  be 
designed  for  a  given  frequency ;  hence,  if  the  speed  of  the  engine  or 
turbine  is  known,  the  number  of  pairs  of  poles/  is  fixed  by  the  equation 

60 
i.e.,  num  ber  of  poles  =  — j^— 

where  R  denotes  the  speed  of  the  rotor  in  revolutions  per  minute. 
The  value  of  R  must  be  such  that  the  number  of  pairs  of  poles  is  a 
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Fic.  286. — Speeds  of  recipiocating  engioes  and  turbines. 

whole  number.  The  curves  of  Figure  286  give  the  approximate  speeds 
of  reciprocating  engines  and  steam  turbines  for  various  rated  outputs 
up  to  60O0-K.V.A.  These  curves  show  that  the  speed  is  some  inverse 
function  of  the  output  In  general,  the  higher  the  speed  of  an  alternalor 
for  a  given  output  the  more  satisfactory  will  be  the  design. 

Size  of  Armature  as  affected  bv  Rated  Output  and  Speed 
In  designing  an  electric  generator  the  problem  before  the  designer 
is  to  obtain  the  maximum  output  for  a  given  amount  of  material, 


DESIGN  OF  ALTERNATORS  379 

subject  to  certain  conditions  which  the  machine  has  to  fulfil.  In  the 
case  of  alternators,  the  output  to  be  obtained  from  the  armature  is 
limited  by  the  considerations  of  heating  and  voltage  drop  on  load. 
In  slow  and  medium  speed  machines  it  is  the  permissible  regulation 
(or,  in  the  case  of  a  synchronous  motor,  the  change  of  power  factor) 
rather  than  the  temperature  rise  which  determines  the  size  of  the 
armature;  for,  if  this  restriction  were  removed,  the  output  per  unit 
weight  of  material  could  easily  be  increased  by  simply  decreasing  the 
amount  of  copper  on  the  armature. 

Output  Coefficient — The  number  of  poles  being  fixed,  the 
first  step  is  to  determine  the  diameter  and  axial  lei^th  of  the  armature 
core.  These  dimensions,  for  a  machine  of  given  output  and  speed, 
are  connected  by  the  formula 

,_    K.V.A. 


*     DS.L^.R  '       f.R 

where  f  =  a  coefficient  generally  designated  the  "  output  coefficient" 
K.V.A.  =  rated  output  in  kilo-volt-ampferes. 

D  =  diameter  of  armature  at  air-gap  in  cms. 

Lp  =  gross  length  of  armature  core  between  flanges  in  cms. 

The  value  of  f  ranges  from  lo-*  in  small  alternators  to  3.5  x  lo-*  in 
very  lai^e  ones  of  6000-K.V.A.  or  more.  The  equation  for  the  output 
coefficient  may  be  derived  as  follows : — 

From  equation  55,  p^e  217,  the  E.M.F.  induced  in  each  phase 
winding  is 

E,  =  4.44  Aj .  T .  ~ .  * .  10-8  volts 

=  4.44 'i^.T.^'*.*.  10-*  volts 

Multiplying  both  sides  of  the  equation  by  \„  where  Ig  denotes  the  full- 
load  current  per  phase, 

EfI,  =  o.74i2.I,.T.  R./.*.  lo" 
Further,  let 

B,=  maximum  flux  density  in  the  air-gap. 
AC  =  ampfere-conductors  per  cm.  of  armature  periphery. 

m  =  number  of  phases. 
tr=the  ratio  of  pole  arc  to  pole  pitch. 
/(=ideal  length  of  armature  core,sLj, 

then,     B,«-pi^,  .-.«.,;>« 
and     AC-""-   ;•  ',  i.t.. 
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When  these  values  for  /  4  and  I.  ■  T  are  substiluted  in  the 
for  E  J. 

iri *      *D.AC    B    *rD.<..L,.B,    .    . 


4 

Since  the  terminal  voltage  E  will  be  very  little  different  from  the 
induced  voltage  E^  the  equation  to  the  output  coefficient  can  b^ 
expressed  thus, 

"••     °''-°R.B,'!Ic''....-^-S'"°'    ■    •    •     •■"■> 

The  equation  for  f  shows  that  for  a  machine  of  given  output  and 
speed,  the  size  of  the  armature,  as  expressed  by  D*L^  is  dependent 
upon  two  factors:  (i)  the  specific tUctric  loading  3£  sxptesseA  in  ampere- 
conductors per  cm.  of  armature  periphery ;  and  (a)  the  specific  magnetic 
loading,  expressed  as  the  maximum  flux  density  in  the  air-gap.  The 
higher  the  value  of  either  or  both  of  these  factors,  the  smxller  will  be 
the  machine.  In  order  to  determine  the  value  of  D'L^  it  is  ne<£SMi7 
to  know  from  experience  the  proper  value  to  assign  to  AC  and  B^ 

In  general,  the  economy  of  an  alternator  design  for  a  given 
frequency  and  speed  is  governed  by  two  laws:  (i)  The  output  is 
directly  proportional  to  the  product  of  the  specific  electric  loadi/^ 
and  the  specific  magnetic  loading,  i.e.  the  output  of  an  armature  of 
given  diameter  and  gross  length,  assuming  equal  specific  use  of  the 
materials,  can  be  increased  directly  as  the  armature  ampfere-conductors. 
(2)  The  cost  of  a  design  varies  almost  directly  as  the  length  and  as 
the  square  of  the  diameter.  The  diameter  of  the  machine  should 
therefore  just  be  sufficient  to  accommodate  the  poles  and  the  exciting 
coils,  due  consideration  being,  of  course,  given  to  the  question  of 
ventilation,  and  to  the  mechanical  diflSculties  introduced  by  an  excessive 
width  of  machine. 

Against  these  requirements  for  minimum  cost,  there  has  also  to  be 

taken  into  account  the  ratio      "^'"^  amp^re-tums    _  ^s  this  has  a  most 

armature  ampere-turns 
important  influence  on  the  regulation  of  the  machine.  For  good 
regulation  it  is  necessary  to  choose  a  small  number  of  armature  ampere- 
conductors. This,  however,  is  in  conflict  with  the  first  law  of  design; 
for,  by  reducing  the  turns  on  the  armature,  the  value  of  B,  has  to  be 
proportionately  incieased  so  as  to  obtain  the  desired  output  Now,  to 
carry  the  larger  Hux,  the  active  material,  both  iron  and  copper,  must 
also  be  increased,  the  increase  in  copper  beii%  due  to  the  longer  mean 
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length  of  turn  foT  stator  and  rotor  as  the  coils  have  to  enclose  a  larger 
area.  An  increase  in  the  field  ampfere-tums  will  be  against  the  second 
law,  as  it  will  entail  an  increase  in  the  diameter  so  as  to  give  the 
necessary  space  for  the  augmented  field  copper.  Thus,  whenever 
close  regulation  is  required,  the  design  of  alternator  finally  selected 
must  be  a  compromise  between  both  these  conflicting  conditions. 

The  field  amp^re-tums,  and  consequently  the  enei^  required 
for  excitation,  will  increase  as  B,  and  AC  increase. 

In  machines  for  low  outputs  the  excitation  loss  will  form  a  greater 
percentage  of  the  total  loss  than  in  the  case  of  Lai^e  alternators; 
hence,  in  the  interest  of  efficiency,  it  is  expedient  to  design  small 
alternators  with  lower  values  of  B,  and  AC  than  would  be  desirable  for 
large  machines. 

Values  of  AC. — From  the  above  considerations  it  will  be  obvious 
that  for  an  economical  design  the  specific  electric  loading  should  be 
as  h^h  as  is  consistent  with  the  specified  regulation.  In  Table  XX. 
approximate  values  are  given  of  AC  for  a-  and  3-phase  alternates 
(tesigned  for  a  r^ulation  of  from  r5  to  zo  per  cent,  when  supplying 
current  to  a  load  of  approximately  0.8  power  factor. 


Table  XX.— Valobs 


Thrbx- Phase  Alternators 


With  lower  power  factors,  AC  must  be  reduced  in  proportion  to 
cos  ^  if  the  voltage  drop  has  to  be  maintained  at  the  same  percentage 
value  as  on  the  powerfactorsof  0.8  to  unity.  However,  for  values  of  cos* 
less  than  0.8,  it  is  usual  to  permit  a  wider  range  of  regulation,  in  which 
case,  the  values  of  AC  given  in  the  above  table  may  be  quite  suitable. 
With  turbo-alternators,  the  specific  electric  loading  is,  for  machines  of 
the  same  rated  outpnt,  less  than  in  slow  and  medium  speed  alternators. 
For,  owing  to  the  small  dimensions  in  high  speed  machines,  consider- 
able difficulty  is  experienced  in  finding  sufficient  space  for  the  field 
copper.  Weaker  fields  and  correspondingly  weaker  armature  ampfere- 
tums  must  therefore  be  employed  for  a  given  specification  as  regards 
pressure  regulation.     In  a  single-phase  machine,  the  specific  electric 
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loading  does  not  exceed  70  per  cent,  of  the  values  recororoended  for 
polyphase  machines. 

Values  of  Bp. — The  essential  part  of  an  electric  generator  is  the 
region  occupied  by  that  part  of  the  armature  winding  which  is  the 
seat  of  the  induced  E.M.F.  This  region  may  be  tenned  the  "active 
belt"*  of  the  armature.  It  is  a  cylindrical  belt  of  active  material 
around  the  armature  periphery  consisting  of  copper  conductors  with 
the  necessary  insulation  embedded  in  slots,  together  with  the  iron 
teeth  which  carry  the  magnetic  flux.  Since,  for  a  given  number  of 
slots,  the  tooth  density  is  directly  proportional  to  the  air-gap  density, 
it  follows  that  the  higher  the  value  of  B^  the  greater  will  be  the  cross- 
section  of  iron  required;  and  consequently,  there  will  be  less  space 
for  copper,  air-ducts,  and  insulation.  The  permissible  value  of  B,  will, 
therefore,  for  the  same  flux  density  in  the  teeth,  and  current  density 
in  the  copper,  depend  upon  the  voltage  of  the  machine.  The  higher 
the  voltage,  the  lower  must  be  the  slot  space  factor;  consequently, 
high  voltage  machines  will  have  lower  air^p  densities  than  those  of 
lower  voltages.  The  usual  values  of  B,  for  slow,  medium,  and  high 
speed  alternators  are  set  forth  in  Table  XXI.  The  values  tabulated 
refer  to  50"  machines.  For  i^'^  the  air-gap  flux  densities  can  be 
made  some  15  per  cent,  greater,  owing  to  the  lower  speci6c  loss  in 
the  teeth,  thus  permitting  a  h^her  tooth  density. 


Tablb  XXI.— Air-Gap  Flux  Densities  B,  in  50  "H"  Machines 


Output  in  K.V.A. 

Slow  and  Medium  Speeds. 

Stouo  Turtane 
Speeds. 

SOO-3000  Volts. 

3000-11000  Volts. 

0-SOO 

500-1000 

1000-2000 

2000  upwards 

(»30o-^yK                5500-7000 

7500-8000        1        7000-7500 

*x»-8soo       I       7500-8000 

8500                       Sooo 

5000-4500 
G500-7000 

7000-7500 

From  this  table  it  will  be  noticed  that  the  values  of  B,  are  lower  for 
turbo-alternators  than  for  slow  and  medium  speed  machines.  This  is 
because  the  design  of  alternators  for  high  speeds  is  a  more  difficult 
problem,  and  larger  dimensions  than  would  otherwise  be  the  case 
are  called  for,  chiefly  to  keep  down  the  specific  iron  loss  and  hence  the 
heating. 

Values  of  the  Output  Coefficient.~-When,  for  a  machine  of 
specified  output,  voltage,  and  regulation,  the  m^nitude  of  the  specific 
•  A  term  due  to  H.  A,  Mavor. 
t  For  25  -'  ihese  values  can  be  15  pet  cent,  ereater. 
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electric  and  magnetic  loadings  are  known,  tlien  the  output  coefficient 
can  be  calculated   from  equation    loi.     For  3-phase    alternators    of 


a  salient  pole  type,  the  ratio  a-  = 


pole  i 


s  generally  made  equal  to 


pole  pitch 

0.65,  while  for  single-  and  2-phase  machines,  a  may  sometimes  be  as 
low  as  0.6.  The  breadth  coefficient  k^  will,  on  an  average,  have  a  value 
0.96.  In  working  out  the  design  of  a  new  machine,  the  best  practice 
is  to  use  as  a  starting-point  the  output  coefficients  derived  from 
previously  built  machines  of  the  same  type.  The  curves  of  Figure  287 
give  the  value  of  f  as  a  function  of  the  output  for  a-  and  3-phaae 
alternators  of  modern  design. 


Riit(daut[nlinK.V.A. 

Fig.  387. 


From  equation  loi,  page  380,  it  wilt  be  noted  that  the  greater  the  value 
of  the  specific  electric  and  magnetic  loadings,  the  smaller  the  dimensions 
of  the  machine  as  expressed  by  D^L,,  It  must,  however,  be  re- 
membered that  the  machine  with  the  highest  value  of  £  is  not 
necessarily  the  cheapest,  as  the  expression  for  £  does  not  involve  the 
ratio  of  copper  to  iron,  which  is  a  most  important  factor  in  determining 
the  cost  of  a  machine. 

Calculation  of  Main  Dimensions.— For  an  alternator  of 
specified  output,  speed,  and  frequency,  a  trial  value  of  f  can  be  obtained 
from  the  curves  in  Figure  287,  and  thence  the  approximate  value  of 
D'L,  computed  from  the  equation 


f-' 


1K.V.A  . 


D'U 


K.V.A 
^  £  .  R . 


(loa) 


vCooglc 
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D^L,  having  been  obtained,  the  determination  of  the  best  diameter  and 
length  of  armature  core  can  only  be  effected  by  a  method  of  trial  and 
error.  Since  R  is  fixed,  the  peripheral  speed,  which  is  usually  regarded 
as  permissible  in  the  desired  type  of  machine,  gives  an  approximation  to 
a  reasonable  diameter  of  core.  With  alternators  of  ordinary  construc- 
tion the  peripheral  speed  ranges  from  34  m/sec  in  small  machines  to  40 
ra/sec  in  the  largest  sizes,  whereas  with  turbo -alternators  the  speed 
ranges  from  60  to  90,  or  evei>  100  m/sec  The  usual  values  of 
peripheral  speeds  for  various  outputs  ore  given  in  Table  XXII. 

TABLB   XXII.—rBRIFKBRAL   SPBBD   AT   POLB   FACB   IN    M/SEC. 


250-500  I 

500-1000  j 

I 


Mediuo 

Speeds.      ' 

Turbo-speedc 

30-Z4 

26-2S 

28-w 

60-70 

70-80 

35-40 

80-90 

If  the  diameter  D  of  the  armature  be  expressed  in  cms.  then  since 
the  pole  face  diameter  of  rotor«s  D,  the  peripheral  speed  in  m/sec  is 

_xDR  ^  itHp  R    T~ 
6000      p.booo      50 

where  r  denotes  the  pole  pitch  in  cms.  Hence,  in  a  50  ~  alternator 
the  peripheral  speed  in  m/sec  is  equal  to  the  pole  pitch  in  cms. 

From  a  knowledge  of  the  peripheral  speed  which  is  assumed  as 
permissible,  the  diameter  D  and  the  length  L,  are  obtained  from 
equations 

D-— ..g—-  cms.  and  L^,=  -     '  cms. 

Knowing  D,  and  the  pairs  of  poles  /,  the  pole  pitch  t  and  pole  face 
arc  h,  can  next  be  determined. 

The  ratio  of  armature  core  length  to  pole  face  arc,  i.e.,  --'  is  an 

important  factor  to  be  considered  when  getting  out  the  design  of  a  new 
machine.  The  aim  of  the  designer  should  generally  be  to  keep  this 
ratio  as  low  as  possible  without  exceeding  the  limit  of  peripheral  speed, 
for  it  practically  determines  the  shape  of  the  section  of  the  magnet  core 
on  which  depends  the  weight  of  the  field  copper.  The  latter,  for  a 
given  number  of  amp^re-tums  and  a  given  magnetic  cross-section  of 
pole,  is  a  minimum  when  the  pole  is  of  circular  cross-section,  and  if  the 
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pole  is  of  a  rectangular  section,  the  weight  is  smaller  the  nearer  the  shape 
of  the  section  approximates  to  a  square,  Le.  the  nearer  the  ratio  -^  is  to 


this  the  gross  length  of  core  would  have  to  be  cut  down,  and,  for  a 
given  value  of  D^I,^,  the  diameter  increased  proportionally,  so  that  the 
limit  of  peripheral  speeds  set  forth  in  Table  XXII.  would  be  exceeded. 
With  slow  and  metUum  speed  machines  the  ratio  y' I'anges  from  i.i  toa.o. 

In  25 -^alternators,  the  pole  face  is  approximately  square  so  that  it  is 
quite  possible  to  obtain  the  lower  values  1. 1.  With  alternators  designed 
for  50*-,  the  larger  number  of  poles  necessitates  a  shorter  length  of 
pole  arc,  so  that  higher  values  of  this  ratio,  up  to  1.8  01  a.o,  are 
unavoidable. 

In  turbo-alternators,  owing  to  the  restricted  diameter  settled  by 
mechanical  requirements,  the  length  of  core  is  great  compared  with 

the  diameter ;  hence  the  value  of    '  is  seldom  less  than  3,  and  in  many 

designs  may  be  as  high  as  z.5  or  3. 

Number  of  Ventilating  Ducts. — In  slow  and  medium  speed 
alternators  the  width  of  a  duct  ranges  from  i.o  to  1.5  cm. ;  and  the 
distance  between  them  from  6  to  8  cms.  In  turbo-alternators,  owing 
to  the  small  over-all  dimensions,  the  radiating  surface  is  relatively  small, 
but  the  total  losses  are  about  the  same  as  for  a  medium-speed  machine 
of  the.  same  output  and  efficiency,  with  the  result  that  the  specific  iron 
and  copper  losses  are  greater.  Instead  of  increasing  the  dimensions 
or  reducing  the  losses,  which  latter  may  he  unnecessary  so  far  as  the 
efficiency  is  concerned,  the  heating  of  the  armature  is  kept  within 
reasonable  limits  by  providing  better  ventilation  than  would  be  required 
in  the  case  of  slow-  and  medium-speed  machines.  The  general  practice 
is  to  provide  a  1.25  cm.  duct  for  every  5  or  6  cms,  of  gross  length. 

Calculation  of  Armature  Winding.— When  the  main 
dimensions  D,  L„  and  o-  have  been  provisionally  determined,  the  next 
step  is  to  settle  the  number  of  turns  per  phase  of  the  armature  winding. 
Selecting  from  Table  XX.  a  suitable  value  for  AC,  the  total  number  of 
am pt re-conductors  round  the  armature  periphery  =  »D  .  AC.  Now,  if 
I,  denote  the  current  per  phase  and  T  the  number  of  turns  in  series 
per  phase,  then,  in  an  M-phase  alternator 

»-D .  AC  =  T,  2  T  .  m 

.          T,    xD  .  AC 
i.e.,  turns  per  phase  =  T  = = — - 

The  precise  number  of  turns  must  ultimately  be  chosen  so  as  to 
give  a  whole  number  of  conductors  per  slot. 

25  ^^jQOgk' 
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Number  of  Slots. — The  number  of  slots  is  fixed  chiefly  by 
considerations  of  slot  pitch  and  slot  insulation.  The  greater  the 
number  of  slots  per  pole  the  nearer  will  the  curve  of  induced  KM.F. 
approach  to  a  sine  wave  ;  but,  on  the  other  hand,  the  greater  will  be  the 
amount  of  winding  space  occupied  by  insulation.  In  500-  volt,  medium- 
speed  alternators  the  insulation  will  not  occupy  much  space,  so  that  as 
many  as  4  slots  per  pole  per  phase  may  be  employed.  In  allematois 
designed  for  higher  voltages  and  having  4  slots  per  pole  per  phase  the 
space  occupied  by  insulation  would  be  excessive,  so  that  considera- 
tions of  space  factor  permit  of  only  3  or  2  slots  per  pole  for  each 

Alternators  designed  for  a  phase  pressure  of  3000  volts  and  upwards 
have,  as  a  rule,  only  2  slots  per  pole  per  phase. 

Id  turbo-alternators  the  fewer  number  of  poles  and  larger  pole 
pitches  necessitate  a  greater  number  of  slots  per  pole  per  phase,  which 
latter  range  from  5  in  6600  volt  alternators  to  8  in  low-voltage  machines. 
If  q  denote  the  number  of  slots  per  pole  per  phase,  then  the  number  of 
conductors  per  slot  is 

a/.?    p.q 

In  order  that  the  leakage  reactance  of  the  embedded  portion  of  the 
armature  winding  may  be  kept  within  reasonable  limits,  the  M.M.F.  or 
amptre-conductors  per  slot  must  not  be  too  great  The  ampere- 
conductors per  slot  { =  C, .  la)  should  not  exceed  the  following  values : — 

300-500  in  high-voltage  machines  up  to  400  K.V.A. 
400-600  in  low-voltage  machines  up  to  400  K.V.A. 
600-1000  in  machines  above  400  K.V.A. 

Size  of  Conductors. — The  size  of  conductor  depends  upon 
the  allowable  current  density,  which  latter  is  ultimately  determined 
by  the  permissible  copper  loss.  In  alternators  the  voltage  drop  due 
to-  ohmic  resistance  forms  only  a  small  percentage  of  the  total 
drop.  The  armature  conductors  can  therefore  be  worked  at  a 
high-current  density  ranging  from  250  to  400  amp&res  per  sq.  cm. 
Owing  to  there  being  a  larger  loss  from  eddy  currents  in  con- 
ductors of  large  cross-sectional  area  than  in  small  round  wires,  the 
latter  can,  for  the  same  specific  copper  loss,  be  worked  at  a  some- 
what higher  density.  Again,  in  high-voltage  machines  the  greater 
thickness  of  slot  insulation  retards  considerably  the  transference  of 
heat  from  the  interior  of  the  slot,  so  that  the  higher  the  voltage  the 
lower  must  be  the  current  density  for  the  same  temperature  rise. 
The  usual  values  of  current  density  would  be  somewhat  as  set 
forth  in  Table  XXIII.;  the  lower  values  being  those  applicable  to 
high-voltage  machines. 
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Table  XXIII. — Current  Drnsitibs  in  Armatukb  Conductors. 


Range  of  Current  in  Amperes. 

Current  Densily  in  Ampires  per  Cm." 

up  10  10 
10- zS 
Si-  so 
SO-' SO 
>So-3<>o 
300-Soo 

400-350 
350-320 
320-300 

300-280 
280-250 

2SO-2W 

When  the  cross-sectional  area  of  each  conductor  does  not  exceed 
0.238  cms.^ — i.e.  No.  5  S.VV.G. — solid  wire  of  circular  cross-section 
should  be  used.  Wire  of  larger  cross-section  is  difficult  to  bend,  so 
that  an  annature  turn  requires  to  be  made  up  of  two  or  more  loops 
connected  in  parallel,  the  sum  of  the  areas  of  cross-section  giving  the 
requisite  equivalent  sectional  area  of  a  single  conductor.  By  employing 
round  wire  for  low-voltage  windings  a  lat^e  amount  of  space  is  wasted 
by  interstices  between  individual  wires.  In  order  to  reduce  the  size  of 
slots  to  a  miDimum,  wires  of  rectangular  section  should  always  be  used 
when  the  sectional  area  of  any  one  conductor  exceeds  0.5  cm.* 
Details  of  copper  wires  of  circular  cross-section  are  set  forth  in  Table 
on  page  492.  When  employed  for  armature  windings  they  would  be 
insulated  with  a  double  or  triple  covering  of  cotton,  With  rectangular 
wire  there  would  be  an  external  covering  of  braided  cotton,  in  addi- 
tion to  the  double  cotton,  the  total  thickness  of  the  insulation  ranging 
itom  0.4  to  0.6  mm. 

Size  of  Slots. — In  settling  the  dimensions  of  the  slots  the  following 
considerations  require  to  be  taken  into  account :  (1)  The  space  allotted 
to  the  conductors  and  the  necessary  insulation  must  be  such  that  the 
flux  density  at  the  section  of  minimum  thickness  of  the  teeth  is  not  too 
great.  (2)  The  ratio  of  depth  to  width  of  slot  should  be  such  that 
the  permeance  of  the  path  of  leakage  flux  is  as  snmll  as  is  consistent 
with  a  suitable  value  of  tooth-  density.  From  page  235  the  flux 
density  at  the  section  of  minimum  thickness  is 

8™,=  !-*'-''.;  hence /,  =  ^     *"''- 

where  t^  =  ^— ,  n,  denoting  the  total  number  of  slots.     The  value  of  the 
armature  flux  4>  can  be  calculated  from  the  expression 
$=       E. X  io» 
4.44  Aj  .  T  .  -' 
E,  being  the  induced  voltage  per  phase.     At  this  stage  an  exact 
calculation  of  E,  at  full-load  cannot  be  made,  but  its  value  can  be 
approximately  obtained  by  adding  about   5   or  G   per  cent,  to  the 
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terminal  voltage  E.  In  the  expression  for  t■^  all  the  factois  can  there- 
fore be  calculated  except  B,„„  and  to  deteimine  /,  a  suitable  value 
must  be  assigned  to  the  former.  For  standard  machines  the  tooth 
density  B„„  is  usually  about  i8,ooo  or  19,000  lines  per  cm,*,  a 
value  which  is  lower  than  that  for  direct-current  machines.  In  an 
alternator  there  is  no  particular  reason  why  a  very  high  fluit  density 
should  be  employed,  and  although  it  might  appear  that  the  diameter 
could  be  reduced  by  selecting  a  smaller  tooth  pitch,  on  further  con- 
sideration it  will  be  evident  that  the  diameter  cannot  be  reduced  without 
unduly  restricting  the  space  available  for  the  field  magnet  poles  and  the 
exciting  coils.  For  machines  with  rotating  field  systems  it  is  the 
space  required  for  the  poles  and  the  field  winding  that  really  determines 
the  smallest  diameter  possible,  and  this  generally  leaves  more  room 
for  the  teeth  and  slots  than  is  actually  required.  Once  /,  has  been 
calculated  the  slot  width  is  settled  and  the  dimensions  of  slots  and 
arrangement  of  conductors  can  then  be  fixed.  The  best  dimensions  of 
slots  and  arrangement  of  conductors  can  only  be  finally  settled  by  a 
method  of  trial  and  error.  If  the  tooth  saturation  works  out  to  too 
high  a  value,  and  all  the  other  dimensions  are  right,  then  a  diminished 
tooth  density  could  be  obtained  by  slightly  increasing  L,,  or  via  versa. 
From  considerations  of  leakage  reactance,  the  slot  depth  should  not 
exceed  about  three  times  the  slot  width. 

Armature  Flux  per  Pole. — Having  determined  the  dimensions 
of  the  slots,  teeth,  and  armature  conductors,  the  voltage  drop  due  to 
ohmic  resistance  and  leakage  reactance  can  be  calculated  in  the 
manner  discussed  on  pages  353  to  260.  The  induced  E.M.F.  at  full- 
load  is  then  obtained  from  the  equation 

E,  =  E  +  (fr  cos  ^\e.  sin  ^ 
In  slow-  and  medium-speed  alternators  the  reactance  voltage  ranges 
from  5  to  8  per  cent,  of  the  E.M.F.  generated,  whereas  with  turbo- 
alternators  reactance  voltages  as  low  as  2  or  3  per  cent,  are  usual  with 
machines  of  normal  design.     The  pressure  drop  due  to  ohmic  resistance 
ranges  from  0.5  to  z  per  cent.,  the  lower  value  being  that  generally  met 
with  in  high-speed  designs.    Knowing  the  total  induced  voluge  at  no-load 
and  full-load,  the  flux  per  pole  can  be  calculated  from  the  equation 
*.=  _E.x_.o«__ 
*     4.44.*aT.~ 
where  T  =  turns  in  series  per  phase  and  the  value  of  k^  is  obtained  from 
Table  XVI.  page  3^8. 

Radial  Depth  of  Armature  Core  below  Teeth.— For  a  given 
armature  flux  4  the  radial  depth  of  armature  core  below  tee^,  as 
expressed  by  the  equation 
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will  depend  upon  the  permissible  flux  density  B^  in  the  core,  nhich  in 
turn  is  settled  with  reference  to  the  specific  iron  loss  of  the  core. 
So  far  as  the  excitation  is  concerned,  the  armature  core  could  be 
economically  worked  at  a  density  of  about  B,=  16,000,  but  in  order 
to  keep  the  specific  iron  loss  within  reasonable  limits  a  much  lower 
density  has  to  be  adopted.  For  a  given  grade  of  iron,  the  higher  the 
frequency  the  lower  must  be  the  flux  density  for  the  same  specific 
loss.  In  Table  XXIV.  there  are  given  the  usual  values  of  flux  density 
for  a  range  of  frequency  between  ~  =  1 5  and  ~  =  6a 

Table  XXIV.— Flux  Densitibs  in  Armature  Cores. 


Freqnencf  in  Cycles  pet  Sec. 

Flui  Density  B^  in  Lines  per  Cm.» 

25-40 

IJOOO-IOOOO 

10000-  8000 
8000-  7000 
7000-  ijooo 

Radial  Depth  of  Air-gap. — Since  the  amp^re-tums  required  to 
send  the  magnetic  flux  across  the  two  air-gaps  is  expressed  by 

AT^  =  r.6  Ag  .  «  .  B^ 
it  follows  that  for  a  given  flux  density  B^  the  aropfere-turns  AT,  will  be 
directly  proportional  to  the  radial  depth  of  the  air-gaps  S.  Hence  it 
would  appear  that  to  economise  in  field  copper  S  should  be  reduced  to 
the  mechanical  limit.  Another  advantage  of  a  small  air-gap  is  that  the 
leakage  factor  <r  will  be  less,  thus  resulting  in  a  smaller  cross-section 
of  pole  core  and  diminished  mean  length  of  the  winding  per  turn.  On 
the  other  hand,  a  strong  M.M.F.  is  required  in  the  field  to  reduce  the 
effect  of  the  demagnetising  and  distorting  M.M.F.  of  the  armature 
and  so  lead  to  better  regulation  when  the  load  is  inductive.  The 
reluctance  of  the  magnetic  circuit  therefore  requires  to  be  laige  to  keep 
down  the  flux  density  which  would  be  produced  in  the  iron  by  the 
strong  M.M.F.  of  the  field  with  a  small  air-gap.  The  gap  is  therefore 
made  large  to  obtain  the  necessary  reluctance.  To  obtain  the  regulation 
mentioned  on  page  35  r,  for  machines  of  normal  design,  the  field  ampere- 
turns  must  be  from  1.5  to  2  times  the  number  of  the  armature  ampfcre- 
turns.  In  modern  alternators  about  65  or  70  per  cent,  of  the  field 
amptre-turns  are  required  for  the  air-gap,  so  that  the  permissible 
depth  of  air-gap  under  centre  of  pole  will  depend  greatly  upon  the 
closeness  of  regulation  required. 

The  curve  in  Figure  288  gives,  for  slow-  and  medium-speed 
machines,  the  average  value  of  the  depth  of  air-gap  S  as  a  function  of 
the  rated  output.     If,  after  calculating  the  field  amp^re-tums  on  the 
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basis  of  this  curve,  it  is  found  that  the  specified  regulation  is  exceeded, 
then  the  latter  may  be  improved  by  increasing  8,  and,  consequently,  the 
ratio  of  field  amp^re-tums  to  annature  amp^re-tums. 

A  characteristic  of  high-speed  machines  with  few  poles  is  that  the 
magnetic  circuit  is  cramped,  the  length  of  the  iron  parts  being  short 
owing  to  the  small  dimensions.  For  this  reason  a  greater  proportion 
of  the  field  ampere-turns  has  to  be  expended  over  the  air-gap  than 
would  be  the  case  with  slower  speed  machines.  This  leads  to  longer 
air-gaps,  ranging  from  i  to  4  cms. 


r-       f      ■--. 


ImemB!  diiiMMr  of  juioi. 
Fig.  2S8.— Radial  depth  of  air-gap. 

Magnet  Core  and  Pole  Shoes. — For  wrought-iron  or  cast-steel 
poles  the  flux  density  at  full-load  should  not  exceed  about  16,000  lines 
per  cms.',  but  it  is  advisable  to  work  as  near  to  these  densities  as 
possible.  In  order  to  collect  the  fringing  field  from  the  flanks  of  the 
pole,  the  length  of  pole  shoe  is  sometimes  made  from  a  to  4  cms,  less 
than  the  gross  length  of  the  armature  core.  The  radial  depth  of  the 
field  copper  should,  for  reasons  already  discussed,  be  limited  to  about 
4  or  5  cms.,  and  the  width  of  the  pole  core  should  be  made  less  than 
that  of  the  pole  shoe,  so  that  the  projection  of  the  latter  serves  to  retain 
the  field  coils  in  position,  The  axial  length  of  the  magnet  cores  will 
depend  upon  the  space  required  for  the  field  copper,  and  a  value  must 
first  be  assumed  from  experience  with  other  machines.  The  usual 
length  of  pole  shoe  in  machines  of  standard  design  ranges  from  t5  to 
ao  cms.  The  ultimate  length  which  is  fixed  upon  should  be  such 
that  the  radiating  surface  is  sufificient  to  prevent  the  beating  of  the 
coils  exceeding  the  specified  limit.  The  radial  depth  of  the  pole  shoe 
at  the  centre  ranges  from  2.5  to  4  cms. 

To  obtain  the  flux  to  be  generated  in  each  pole  it  is  necessary  to 
assign  a  suitable  value  to  the  leakage  factor  a.    Since  the  dimensions 
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of  the  pole  core  and  yoke  would  not  at  this  stage  be  settled,  a  value  of 
17  must  be  assumed,  and  in  this  respect  the  tabulated  values  on  page 
401  for  various  sizes  of  machines  should  be  useful  in  obtaining  a  first 
approximation.  After  ihe  dimensions  of  the  magnetic  circuit  are  fixed 
and  the  amptre-tums  for  air-gap,  teeth,  and  armature  core  calculated, 
the  value  of  <r  should  be  determined  more  exactly. 

In  the  design  of  turbo- alternators  it  is  a  somewhat  difficult 
problem  to  obtain  sufficient  space  for  the  field  copper  without  undue 
heating  and  high  mechanical  stresses.  It  is  therefore  a  good  practice 
to  ascertain,  at  an  early  stage  in  the  design,  whether  there  will  be 
sufficient  space  for  the  requisite  amount  of  field  copper  on  the  poles. 
If  this  question  be  left  to  a  later  stage,  when  the  final  calculations 
of  the  field  winding  are  made,  the  whole  design  may  have  to  be 
modified  considerably.  If  the  available  space  is  not  large  enough,  it 
will  be  necessary  either  to  decrease  the  armature  strength  by  employ- 
ing fewer  turns  per  phase,  or  to  increase  the  diameter  of  the  field 
E]rstem  so  as  to  obtain  a  greater  radial  depth  of  pole  core.  Both 
procedures  reduce  the  value  of  the  output  coefficient.  The  former 
modification  entails  an  increase  in  Ihe  flux  per  pole,  and  hence  an 
increased  length  of  core  L^  In  order  to  check  the  space  available 
for  the  winding,  the  total  field  amp&re-tums  can  be  approximately 
determined  by  adding  about  15  per  cent,  to  the  ampere-turns 
calculated  for  the  air-gap. 

Magnet  Ring. — To  obtain  a  large  fly-wheel  effect  and  steadiness 
of  running,  the  magnet  ring  of  slow-  and  medium-speed  machines  is 
generally  designed  for  a  larger  cross-sectional  area  than  is  actually 
necessary  for  magnetic  purposes.  When  of  cast  steel,  the  flux  density 
ranges  from  6000  to  10,000  lines  per  cm.*;  while  for  cast-iron  rims  the 
densities  would  be  somewhat  lower.  In  high-speed  machines  fly-wheel 
considerations  are  not  so  important,  with  the  result  that  flux  densities 
as  high  as  14,000  or  15,000  are  usually  employed. 

Calculation  of  Exciting  Coils.— When  the  magnetic  flux  per 
pole  and  dimensions  of  the  magnetic  circuit  have   been  settled,  the 
field  ampfere-lurns  per  pole  are  then  calculated  and  expressed  thus ; — 
AT  =  o.  5  ( AT, -t- AT, -(- AT, -J- AT^ -I- AT,  K  ATbu 

where  ATdm  denotes  the  field  ampere-turns  to  compensate  for  the 
demagnetising  M.M.F.  of  the  armature,  and  may  be  determined  as  set 
forth  on  page  269.  The  size  of  wire  with  which  the  field  coils  are 
wound  will  be  calculated  by  aid  of  the  formula 

„....^.L.<AT, („^, 

where 

W«watts  wasted  per  coil  at  normal  working  temperature. 
L  -  mean  length  per  turn  in  metres. 

r      , ,  I ,  Google 
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A  =  amperes  per  coil. 
T's  turns  per  coiL 

A,  =  cross-section  of  winding  space  per  coil  in  square  decimetres. 
F,  =  space  factor  of  winding. 
This  formula  may  be  derived  as  follows : — 
Let  /=length  of  wire,  in  metres,  for  each  coil. 
(i«  cross-sectional  area  of  wire  in  cms.^ 
psspecific  resistance  of  copper  at  normal  temperature 
=  2xio-<at6o*C. 
Then  the  resistance  per  coil  is  expressed  by 

n     px/xioo     3Xio-«x/xioo 


/=LT    and    a 


AX  X  I 


.    ^y^^^j^^^x^olMATTilioo 
A^  X  loo 

When  the  watts  have  been  calculated,  and  the  voltage  E  per  coil  is 
known,  the  exciting  current,  number  of  turns,  and  cross-sectional  area 
of  wire  is  determined  thus : — 

Exciting  current  -  A  =  ^ 

Number  of  turns  per  coil  —  T  =  —r- 

Cross- sectional  area  of  conductor  —  as    ''    '  x  loo  sq.  cms. 

Design  of  Slow-  and  Medium-speed  Alternators. 
fioo-K,V.A.,  50  — 3-PHASE  Alternator. 

Specification- 
Rated  output  =  600  K.V.A. 
Terminal  pressure  =  3300  volts.. 
Frequency  =  50, 
Speed  =  250  R.P.M. 

Regulation  for  cos  4'>o.8,  not  to  exceed  16  per  cent.  (rise). 
Exciter  voltage  125. 

Main  Dimensions — 

Number  of  poles  =  '  °  ~  =  '— — 5  -  =  24. 
R  250 

From  Figure  287  the  output  coefficient  for  a  6oo-K.V.A,,  50  — 
alternator  will  be  about  1.5  x  lo";  hence 

r,3T     _K.V.A._  600  _.,:„, „6 


ixR"     ,.5xio-«xz5o 
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Assuming  a  peripheral  speed  of  29  tn/sec., 

internal  diameter  of  armature  =  D  =  _£J11?_*1 
TXJ5 

Gross  length  of  armature  core  =  L^.  = ~  =  33  t 

Pole  pitch  =  T=  28.8  cms. 

Pole  arc -^^  =  0.66  X  28.8  =  19  cms. 


-?3  = 


■75- 


The  core  will  be  built  with  four  ventilating  ducts,  each  1.5  cm. 
wide.     Nett  length  of  iron  in  core  is  therefore 
L.=  {33  -  (4  X  i.s)}  X  0.9  =  24  cms. 
Gross  length  of  iron  between  ducts  =  /=  5.4  cms. 
Armature  Windings  and  Slots — 

Assuming  the  slator  to  be  star  connected, 

Cunem  per  phase  =  I.=  '^-"^-VV^°°^^g^^il^°°=  105  amperes. 

V3  ^  ^l^ 3300 

From  Table  XX.,  the  specific  electric  loading"  AC  =  tSo. 
Hence  number  of  turns  in  series  per  phase 

„     jtD.AC     it  X  220x180         , 

=  r  =  — =■ =190 

2\..m         2  X  ros  X  3 

Conductors  per  phase  =  2  x  196  =  392. 

An  alternator  of  this  voltage  would  be  designed  with  either  2  or  3 
slots  per  pole  per  phase.     Assuming  z  slots  per  pole  per  phase,  the 
number  of  slots  =  3  x  2  x  24  =  144, — i.e.  48  slots  per  phase.     With  392 
conductors  per  phase  the  num- 
ber of  conductors  per  slot>c8.i. 
Taking  the  nearest  integer,  the 
conductors  per  slot  =  8.    There 
will    therefore    be   8x48  =  384 
conductors    per    phase.      This 

corresponds  to  175  ampfere-con-  e^^  inuiutd, 

ductois  per  cm.  length  of  peri- 
phery,—/'.<;.  AC=i7S-  The 
ampere  conductors  per  slot 
=  8x  105  =  840, -a  value  which 
is  within  the  hmits  mentioned 
on  page  386, 

For  a   current  of  105   the     pic.  289.--Slotfo,6ooK.v.A.  3300.V0I1 
current  density  will,  from  Table  iltemaior  (full  sLm.). 

XXIII.,  be  about  390  amperes 

per  cm.'    Adopting  this  figure  as  a  basis,  the  cross-sectional  area  of 
each  conductor- 105/290  =  0.36  cm."     Supposing  each  conductor  to 
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be  made  up  of  3  wires  in  parallel,  then  cross-sectional  area  of  wire 
sso.36/3  =  o.iacm.'' 

The  nearest  standard  wire  gauge  (S.W.G.)  to  this  is  No.  8,  which  has 
a  cross-sectional  area  of  o.  1 295  cm.^,  corresponding  to  a  current  density 
of  ^^a  amperes  per  cm.' 

Diameter  of  No.  8  S.W.G.  =  0.407  cm.  (bare) 

=  0.445  cm-  (triple  cotton  covered). 
There  will  be  24  wires  per  slot,  disposed  in  8  layers  of  3  wires  side  by 
side.  For  a  phase  pressure  of  r900  volts  a  micanite  tube  0.25  cm. 
in  thickness  will  be  necessary  for  lining  the  slots.  Allowing  for  some 
margin  in  the  winding,  the  slot  may  be  made  i.8a  cm.  wide  by  4.5 
cms.  deep,  the  depth  of  slot  including  an  opening  at  the  top  of  0.45 
cm.,  which  is  closed  by  a  hard-wood  wedge.  A  detail  drawing  of  the 
slot  is  given  in  Figure  289. 

Tooth  pitch  at  air-gap  =  ^^ -  =  4.8  cms, 

■44 
Width  of  tooth  at  air-gap  =  /;  =  4.8 -1.8  =  3.0  cms. 

Tooth  pitch  at  bottom  of  slots  =  -    ■■■■■°  =  5.0  cms. 

144 
Width  of  tooth  at  root  =  3.2  cms. 
Induced  E.M.F.  and  Flux  per  Pole.— From  page  319  the 
effective  resistance  per  phase 

r.  =  ■•7x.o^.^./..T(r-..oo4r)  „,„^ 

A-.r.6. 

T  =  turns  in  series  per  phase  =  192. 
da  =  area  of  wire  =  3  x  0.1295  =  0.3885  cm.' 
/a  =  mean  length  per  turns  170. 
Hence  for  a  rise  in  temperature  of  40°  C.  the  effective  resistance  is 
=  MXl°^><I■6x.7oxI92(.-^o.oo4X4o)  ^  ^^    „i,m. 
0.3885 
Volts  drop  per  phase  due  to  resistance 

=  e,.  =  I.»-a=  105x0.17^30 
From  example  on  page  260  the  reactance  voltage  per  phase 

=  f.=  i44 
The  E.M.F.  to  be  induced  in  each  phase  at  full-load  (see  p.  277) 
=  E,  =  E  -t-  f,  cos  ^  +  If,  sin  0 

»  1900  4-  30  X  0.8  -(- 144  X  0.6  ^  2000  volts. 
The  flux  per  pole  at  full-load  (cos  <^  =  0.8)  is 

*,,  =  ,      "^    -     =4.9  X  10"  lines. 

4.44x0.96x192x50 

Also  flux  per  pole  at  no-load 


4.44x0.96x192x50 
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Dimensions  of  Magnetic  Circuit —For  a  50  ~  alternator  the 
flux  density  in  core  should  «  7000  lines  per  cm.'  Hence  radial  depth 
of  iron  below  teeth  is 

2  .  B, ,  L.     2  X  7000  X  !4 
From  Figure  288,  radial  depth  of  air-gap  under  centre  of  pole  =  say 
0.65  cm. 


1- 


Since  the  winding  is  placed  in  open  slots,  the  pole  shoes  must  be 
laminated.  In  this  design  the  pole  core  and  shoes  will  be  in  one  piece, 
and  built  up  from  sheet-steel  laminations  i  mm  thick,  the  pole 
shoes  being  bevelled  as  in  Figure  138.  A  dimensioned  drawing  of  the 
magnetic  circuit  is  given  in  Figure  290A.    Allowing  5  per  cent,  for 
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insulation,  sectional  area  of  pole  coTe  = 
Assume  for  the  present  a  leakage  factor  a 
in  pole  core  at  full-toad  is 


^  =  15.0 


13.5x33x0-95  =  400  cms.* 
1.25,  then  the  flux  density 


□  lines  per  cm.^ 


The  rim  of  the  magnet  wheel  will  be  of  cast  steel.     With  a  radial  depth 
of  10  cms.  the  corresponding  flux  density=  7600  lines  per  cnu' 

Saturation  Curve. — The  ampere-turns  to  drive  the  full-load  flux 
of  4-9  >:  10*  lines  through  the  magnetic  circuit  has  been  worked  out  on 
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e  and  short  ci 


It  or6oo-K,V.A.  EUtemator 


pages  241  to  243,  and  =  575o  per  pole.  By  similar  calculations  the 
amp&re-turns  necessary  to  maintain  six  other  values  of  the  flux  ranging 
from  1,2  to  5.4  megalines  have  been  determined  and  are  set  forth  in 
Table  .\,XV.  The  magnetisation  curve  (Figure  291)  is  then  obtained 
by  plotting  the  induced  E.M.F.  as  a  function  of  the  calculated  ampere- 
turns  per  pole. 
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Table  XXV.— Data  for  OrBN-CiRCUiT  Saturation  Curi 
Ampere-tums  pei  Pair  of  Poles. 
Aimature 
Core.     Teeth. 


Induced 

Flux 

E.M.F. 

per  Pole 

in  Volts. 

500 

i.axio* 

4.65  X  10* 

2150 

5.25  y.  lo* 

zaoo 

S.*)*!©* 

Air 

Mag 

bap. 

Cote. 

2500 

70 

9500 

10700 

11000 

1400 

Leakage  Factor. — Having  determined  the  amp^re-tums  to  diire 
the  Bux  4>  through  the  magnetic  circuit,  the  leakage  factor  o-  should 
now  be  estimated.  From  the  example  on  page  249  a=  1.25,  a  value 
which  is  in  close  agreement  with  that  assumed  for  the  magnetic  circuit 
calculations. 

Inherent  Regulation  and  Short-circuit  Current.— The 
inherent  regulation  can  now  be  estimated  from  the  saturation  curve  of 
Figure  391.  To  maintain  a  phase  pressure  of  1900  volts  at  fiiH  non- 
inductive  load  there  must  be  induced  in  each  phase  an  E.M.F,  of  2oco 
volts,  and  to  drive  the  necessary  flux  through  the  magnetic  circuit  5750 
amp^re-lurns  are  required  per  pole.  For  an  inductive  load  correspond- 
ing to  cos  ^  =  0.8,  the  demagnetising  ampere-turns  of  the  armature  = 
1350  (w'afe  p.  276).  Hence  for  full  inductive  load  and  cos  ^  =  0.8 
there  is  required  an  excitation  of  575°  +  1350  =  7100  ampbre-turns  per 
pole  in  order  to  give  a  terminal  pressure  of  1900  volts  per  phase. 
When  full-load  is  thrown  off  the  terminal  voltage  will  rise  to  2190. 
This  corresponds  to  a  regulation  of  —  ^  —  ?—    .  100  =  15  percent.,  a 

value  which  is  just  within  the  limit  speciRed. 

When  full-load  current  flows  through  the  armature  on  short  circuit, 
the  voltage  consumed  in  armature  impedance  is 


=  -Je^-^e^^  Jio"- 


147  volts. 


from  Figure  291  the  excitation  necessary  to  induce  this  voltage  =  OF 
=  400  ampfere-tums.    The  internal  phase  angle  on  short-circuit 


The  corresponding  demagnetising  armature  ampfere-turns  are  (see  p.  376) 
AT„„  =  "o.4S  X  0.96  X  3  X  16  X  105x0.98  X  0.83=  1770    . 
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Fig.  393. 


The  excitation  necessary  to  maintain  full-load  current  through  the 
armature  on  short-circuit  is  therefore  400  + 1770  =  2170  ampfere-tums. 
This  gives  the  point  X  Sn  the  short-circuit  curve.  Joining  OX  and 
producing  the  line  OX  until  it  cuts  the 
ordinate  corresponding  to  full-load  ex- 
citation, it  will  be  found  that  the  normal 
short-circuit  current  =  350  ampferes  =  3.3 
times  normal  full-load  current. 

Field  Coils.— The  bobbins  for  the 
field  coils  have  the  dimensions  shown  in 
Figure  292.  Cross-section  of  winding 
space  =-19x3  cm.* 

Mean  length  per  turn  =  loj  cms., — 
i.e.  L=  1.05  metre. 

Field  ampere-turns  at  full-load  =  AT 
—  7 100. 

Croas-section  of  winding  5paceaA.oo.57  dcm.^ 
In  revolving  field  alternators,  except  in  smalt  sizes,  the  field  coils  are 
always  wound  with  wire  of  rectangular  section,  the  radial  depth  of  the 
winding  ranging  from  2.5  to  3.5  cms.  When  copper  strip,  wound  on 
edge,  is  used  the  space  factor  will  be  fairly  high^o'S,  but  for  cotton 
insulated  wire  the  value  of  F^  may  be  as  low  as  0.5  or  0.6. 

Winding  will  be  of  copper  strip ;  hence  space  factor  =  F,  =  0.8. 
Watts  per  coil  =  W  =  iAl^l^^i^S  >'^i^«  ^ 

a57  X  0.8 
Exciter  voltage=  125. 

X^eaving  15  volts  spare,  the  volts  per  coil  =  E=  110/24  =  4.6. 
Exciting  current=  232/4.6=  50.5  ampferes. 
Number  of  turns  per  coil  =  7 100/50.5  =  140. 
Sectional  area  of  copper  strip  =>^^ — 5 ^  =  0.326  cm.* 

s=3  cm.  xo.ir.cm. 
Current  density=  150  amperes  per  cm.* 
Thickness  of  paper  insulation  between  layers  =  0.025  '^^■ 
Losses    and    Heating    at    FuU-load    Cos    -^ = 0.8  —  ( 1 ) 

Armature — 

Mass  of  armature  teeth  =  3.1  X4.5  x  24X  144  x  0.0078  =  375  kgs. 

Mean  flux  denaty  (p.  242)  =  i7,ooo. 

From  curves  in  Figure  241,  c  =  o.22  and  j8  =  2.i. 

Iron  loss  in  teeth  =  375  X50XZ.1  x  0.22  =  8700  watts. 

Mass  of  armature  core=   (260*-  230*)  x  24x0.0078  =  2160  kgs. 


=  0.05  and  fi 
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Iron  loss  in  core  =  3100  x  50X  a.i  xo.05—  11,000  watts. 

Total  iron  loss  =■  30,000  watts  =  10  K. W. 
EfTective  artnature  ieEistance  =  r,  =  o.37  dhm  per  phase. 
Armature  copper  loss  =  w,  I,',  r,  =  3x  105^x0.27  =  9000  watts 

=  9  K.W. 

Copper  loss  within  slots  =  9000  x  —  =  3500  watts. 

Total  loss  between  core  flanges 

=  W,  =  30,000  +  3500  =  13,500  watts. 
Cooling  surface  of  armature 

=  A,  =  -(26o'-  220*)  6  +  33XTr  (360+230)  =  140,000  cms.* 
4 
i:  1400  dcm.' 

Probable  temperature  rise  =  T°  =  K, .  -j? 

„  24000       .  -., 

«  3.3  X  -=-    2^40   C. 

1400 

Field  Winding- 
Watts  per  pole  —  W„  =  133. 
Total  excitation  loss  =  W„=  132  x  24  =  5600  watts  =  5.6  K.W, 

Cooling  surface  per  coil  —  24  dcms.* 

W„ 


Probable  temiierature  rise  =  T°  =  K„ 


A„(i+o.ii.„) 

__ni 


Efficiency  at  Full-load  Cos  ^  =  0.8— 
Aimatuie  iron  loss  .... 
Armature  1*R  loss  .... 
Excitation  loss  .... 
Friction  and  wind^e  (assumed) 

Total  loss 

Power  output 

Power  input 

EfBdency 


Weights- 
Armature  copper   . 
Field  copper . 
Armature  laminations 
Magnet  poles 
Magnet  ring . 
Weight  of  active  material  per  K.W. 


=   20,000  watts. 

=     9,000  „ 

=     S>6oo  „ 

=     5,000  „ 

=  40,000  „ 

—  480,000  „ 

=  530,000  „ 


34oltgs,l 


kgs.l 


=  2600  kgs.l 
-=1800 
= 1500   , 
output      .         =  14.8 


5900 
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Examples  of  Designs. 
In  Table  XXVI.  there  are  given  the  principal  dimensions  and 
constants  of  five  medium-speed  alternators  for  outputs  up  to  lafo 
K.V.A.  The  detail  drawings  are  reproduced  in  Plates  VI.  to  X, 
Alternator  No.  4,  by  the  General  Electric  Company,  is  of  special 
interest,  as  it  is  designed  for  an  exceptionally  low  voltage,  namely, 
220/230.  With  this  low  voltage  it  was  impossible  to  have  one  winding 
in  series  for  each  phase,  so  that  the  winding  had  to  be  divided  into  two 
paralleled  halves,  each  half  being  in  separate  slots.  The  two  halves 
per  phase  were  perfectly  balanced  by  arranging  alternately  the  long  and 
short  coils  to  be  in  series  in  each  half. 

TUR  BO  A  LTKRN  ATO  RS 

Design  of  a  lOOO-K.  V.A.,  50  ~  Three-phase  Turbo-alternator  of 
the  cylindrical  Field  Type. 
Specification- 
Rated  output =ioooK.V.A. 

Terminal  pressure =  6600  volts. 

Frequency =50. 

Speed  of  rotor =  1500  R.P.M. 

Exciter  volti^e =^75. 

Main  Dimensions- 
Number  of  poles  =  4. 
Output  coefficient  (Figure  287)=  r.24  x  10-*. 

D.L, 2^ 5.4  X. A 

'     1.24  X  lo-'x  rsoo 

Peripheral  speed  =  70  m/sec 

Internal  diameter  of  stator  =  D  = —  =  90  cms. 


Gross  length  of  armature  core  =  L,. 


-5-4x'o''^, 


Pole  pitch  =  T=  70  cms. 
Number  of  1.2  cm.  ventilating  ducts  =  12. 
Nett  length  of  stator  iron  =  L„=5o  cms, 
Armature  Winding  and  Slots— 

For  star- connected  winding  current  per  phase  —  S7  amp&res. 
From  Table  XX.  ampfere-conductors  per  cm.  =  180. 

Turns  in  series  per  phase  ='^ — -g—  —  =  too- 
2  X  B7  X  3 

Conductors  per  phase  =  2  x  1 00  =  200. 

Assume  5  slots  per  pole  per  phase. 

Number  of  slots  per  phase  =  4x5  =  20 

Total  number  of  slots  -  60. 


izcJbyGoOglC 


DESIGN  OF  ALTERNATORS 


Conductors  per  slot  -■  —  =  lo. 
to 

Ampfere-conductors  per  slot  =  870. 

For  a  current  density  =  300  amperes  per  cm.^  cross-sectional 

area  of  conductors'  -l^-o.\  cm.^ 
300 
Size  of  conductor  =  0.6  xo.as  (bare) -two  in  parallel. 
Dimensions  of  insulated  wire  =  o.67  xo.32. 
The  dimensions  of  the  slots,  teeth,  insulation,  and  arrangement  of 
conductors  are  shown  in  Figure  293. 

I  Induced  E.M.F.  and  Flux 

per  Pole- 
Mean    length    per    armature 
turn  =  400  cms. 


4^ 


-"- — A 

Fig.  393A. 


Fig.  293B, 
Effective  resistance  per  phase 
=  r.  =  L-7'''°-'^''fi'^4°ox  100  (14.0004x45) ^ ^^^  ^(^^ 
Volts  drop  per  phase  =  e,=  87  x  0.43  =  38, 
Slot  inducunce=  L,  =  o.4  ^'^'.  /i^  +  ^  +  li''.  +  '^»)  x  io-» 

(see  p.  255) 
=  o.4.rx5°'xMo(^:H_  +  ?df+l^S6  +  ?d)x.o-<' 

5  V3X2.2  2.2         2.2f0.7       0.7/ 

=  8.3x  I0-*  henries. 
Tooth  head  inductance  =  La  =  o.92  .     - .  /,  A'x  lO"* 

i'-.log(r  +  '^^'^)+  a.22  +  5  logy 

-=log(i+"'''-±2)  +  2.224-5log    A7__  =  5.6. 

V  0.7    '  4^4  7 
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Hence  L,  =  0.02  x^°  x  iiox  i:.6x  io-*=a8x  lo"*  henries. 

S 

Inductance  due  to  end  leakage  =  Lt  =  0.46  /,.C*(Ic^■^'- 0.5110" 
—  0.46  Xi9ox5o*(log^^-o.5lio*=37  x  lo-*  henries. 

Reactance  volts  per  phase  =  r,  =  3  «■  —  h,  .  {L,  +  L. +  L,}  I, 

■  2  IT  X  50  X  2  {(8.3  +  28  +  37)ro-'}  87  =  400  volls. 

Induced  E.M.F.  per  phase  at  full-load  (cos  ^=a8) 
=  E,=  E+<^cos^  +  e,sin  ^ 

=  3800  +  38  X  0.8  +  400  X  0.6  =  4070. 

Flux  per  pole  at  full-load  (cos  0=0.8) 


=  *.!  = 


_4°7£.':5 


4-44  =< 09s  X  100x5" 
Flux  per  pole  at  no-load 

=  *,,  =  -.       -"  " 


-  =  i9.3x 


'  lines. 


.-    ■ =  i8.o  X  io«  lines. 

4.44x0.95x100x50 

Ms^^netic  Circuit — To  obuin  a  fiux  density  of  7000  lines  per 
cm,*,  radial  depth  of  amtature  core  below  teeth 


27.3  cms. 
2x7000x50 

Hence  external  diameter  of  stator  iron  ■°  1 54  cms. 


Assume  (provisionally)  a  radial  depth  of  air-gap  01.6  cm.     The 
rotor  will  be  built  up  from    i   mm.  sheet  steel  laminations,  keyed 
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directly  upon  Che  shaft  and  asEcmbled  as  in  Figure  397.  For  ventila' 
lion  there  are  provided  eleven  radial  ducts  equally  spaced  between  those 
of  the  stator,  the  cooling  air  entering  these  ducts  through  four 
longitudinal  holes  in  the  laminations.  The  rotor  laminations  are 
dimensioned  as  shown  in  Figure  294,  the  field  coils  being  wound  in 
34  slots, — i.t,  six  slots  per  pole. 

Size  of  slots =3x11 

Depth  of  wedge =1.0  cm. 

Width  of  iron  at  tooth  root      .        .        .  =    a    „ 

Width  of  iron  at  root  of  pole    .         ,         .  ■=  Z3    » 

Gross  length  of  core =  66    „ 

Width  of  each  duct « i.o    „ 

Nett  length  of  rotor  iron  .        .        .  ^  5°    » 

Cross-section  of  iron  per  pole  at  tooth  root 

=  (5x2  +  23)50 =1650  cms.' 

Assumed  leakage  factor =cr=i,is. 

The  ampfere-tums  necessary  to  drive  six  values  of  the  armature  flux 


Fig,  195.— Saturation  curves  of  Iooo-K.V.A.  turbo-alternator. 


ranging  from  4.8  to  21.3  megalines  have  been  calculated  as  set  forth 
in  Table  XXVII.  From  this  data  the  saturation  curve  of  Figure  295 
has  been  plotted. 
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Table  XXVII.— Data  for  Saturation  Curve. 
Aiiipere-lums  per  Pair  of  I'oles. 

-nL-^        Tiilal. 


Induced 

hragncli. 

/"' 

1000 

3000 

iSoc 

18.0x10" 

4070 

19.3x10* 

4500 

Anna- 

Air- 

Core. 

Teelh. 

80 

3.900 

\      40 

140 

60 

11,700 

14,600 

300 

1     '50 

15,600 

45° 

1     250 

17,400 

An,i*,e 
rumspe 

Pole. 


140  '     170  I  12,300  I  6,150    I 

260  I    36a  15,630  I  7,820    I 

350  j    50Q  '  16,900  ,  8,450 

5C0  1000  i9i6oo  9,Soo    I 


Demagnetising  Armature  Amp6re-turns — 
_   "'.  =  *     I0-".  m.  —  .  ~.    '       .  I, 

cos  1^1  p  h 

-..o5x,o-..3.L~.'.5o.«_M?,8,.,3„. 
[Ideal  pole  breadth  =  0.65  t  =  o.65  x  70  =  45  cms.] 


,      ,,„.i/E  sin<^  +  «,  +  — ^\ 
t^i  =  tan  i|  ^  cos<J>t  I 

V       E  cos  ^  +  «r       ' 


=  tan'r^^^°  „^  '^_:^t±°l+  L3?)  =  tani  0.91  =4^  degrees. 

V         3800x0.8  +  38         ' 

sin  42  degrees  =  0.67  :  ^2  =  0.96  :  Ti  =  —  —25 


and •=0.63. 

Demagnetising  ampere-turns  per  pole 

sin  - 
=-ATbh  =  o.45  k.^.  w/.Tj.  L.sln^i .  -^^- 

=  0.45  X  0.96  X  3  X  25  X  87  X  0.67  X  0.63 


Regulation. — In  order  to  obtain  the  rated  output  at  0.8  power 
factor  the  field  excitation  must  =  8450  + 1100-9650  ampfere-tums  per 
pDle.     When  full-load  is  thrown  off  and  the  excitation  maintained 
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constant,  the  terminal   voltage  per  phase  rises  from   3800   to  4475- 

The  inherent  regulation  therefore  =  -  '^  x  100=  18.0  per  cent     This 
3800 

will  be  about  the  value  required  from  a  turbo-allemator,  but  should  a 

closer  degree  of  regulation  be  called  for,  then  it  would  be  necessary  to 

increase  the  air-gap  depth  to  f.7  or  1.75  cm. 

Short-circuit  Current — Volts  consumed  in  armature  impedance 

with  full-load  current 

=  e,=  \'38"-»-4oo*  =  400  volts. 

From  saturation  curi'C  ampfere-turns  to  induced  this  voltage 

=  900, 

On  short-circuit  internal  phase  angle 

=  <6,=sm'-  —  =sin  '  I. 
'  400 

Hence  when  the  armature  is  short-circuited  and  the  excitation  adjusted  to 
give  full-load  current,  the  armature  demagnetising  amp^re-tums  per  pole 

=-  ATyj,  =  0.45  X  0.96  X3X  25x87  XIX  0.63  s=  iSoo. 
The  held  excitation   necessary  to  send   full-load  current  through  the 
armature  when  short-circuited  is  therefore  =  goo  +  1800  =  3700  ampere- 
turns  per  pole.     Assuming  the  short-circuit  curve  to  be  a  straight  line, 

the  short-circuit  current  at  full-load  excitation  =  ?  ^-  =  3-5  times  full- 

2700 
load  current. 

Field  Windings. — Space  available  per  slot  for  wires  and  insula- 
tion =10  cms.  X3  cms.  The  rotor 
slots  will  be  lined  (see  Figure  296) 
with  press -spahn  or  leatheroid  to 
a  thickness  of  0.15  cm.  Space 
available  for  wires  =  9.7  cms.  x  2,7 
cms.  The  field  coils  will  be 
wound  with  wire  of  rectangular 
section,  and  insulated  with  a  cover- 
ing of  cotton  and  braid.  The  space  ""^ 
factor  Fc  for  the  winding  space  will 
be  =  0.65. 

Ampere -turns  per  pole  =  AT  = 
9650. 

Mean  length  per  turn  =  L  =4.0 
metres. 

Cross-section  of  winding  space  fig.  M.-Roior  .lot. 

=  A,  =  9.7X2.7X3  =  o.79sq.  dcm. 

Watts  per  coil  =  W  =  '  >= 'o°- L.  AT* 
A..  I-, 

2  X  io-*X4.o  xq6?o* 

=      ._ ?_ — -■='  J  — =  1450  watts. 

0.79x0.65  , 
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Exciler  voltage=  75. 

Leaving  15  spare,  the  voltage  per  pole=  15 ;  hence  exciting 

current  =  -■*^"  =  96  amperes. 
IS 

Number  of  turns  per  pole  =  <—\    =  loa. 
*^     '^         96 

Conductors  per  slot  =  —  =  34. 

Conductor,  2  abreast  and  1 7  deep. 

Thickness  of  insulation  round  conductor  =  0.08  cm. 

Hence  width  of  conductor  =1,2  cm. 

Thickness  of  conductor  =  0.42  cm. 

Actual  space  factor  =  0.64. 

Current  densitY  = °  - —  =  100  amperes  per  cm.* 

i.a  XO.42         '  r  r 

Losses  and  Efficiency  for  Full-toad  and  Cos  ^=a8— 

Mass  of  armature  teeth  =  300  kgs. 

Mean  flux  density  =-14,500. 

From  Figure  241 :  r=o.i7  and  ;9  =  2.i. 

Iron  loss  in  teeth  =  3oo  x  50  x  o.ry  x  2.1  =  5350  watts. 

Mass  of  armature  core  =  4300  kgs. 

Flux  density  ■=  7000. 

^'0.054  and  ^=z.i. 

Iron  loss  in  core  =  4300  x  50  x  0.054  x  2,1  =  24,500  watts. 

Total  iron  loss  =  30,000  watts. 

Armature  reBistance  =  r.  =  o.43  ohm. 

Armature  copper  loss  =  wi .  1,*.  ''.=  3  x  87*  x  0.43  ■•  10,000  watts. 

Excitation  1055  =  1450x4  =  5800  watts. 

Total  loss  (excluding  friction  and  windage)  =  45,800  watts. 

Efficiency  (excluding  friction,  etc.  loss)  =>  95.6  per  cent. 

Heating  of  Armature- 
Copper  loss  within  slots  =  10,000  x  —  =  3500  watts. 

Total  loss  between  core  flanges  =  W,  —  30,000  +  3500  =  33,500  watts. 
Cooling  surface  of  armature 

-  A„=  -(154* -  90*)  '4  +  55  X *  ('54  +  90)  =  214.000  cms.' 

4 
=  2140  dcms.' 

Temperature  rise  =  T°  =  K. .  ^  =  2.3  x  3_3.i^  =  36-  q. 

Weights- 
Armature  copper   .        .        .        .         =   320  kgs.)  . 
Field  copper .                         .                 =    725    „    f      '^^  ^ 

•^  .DOglc 
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Aimature  iron         ....  =4600    „    \ 

Rotor  iron =  2000    „   / 

Weight  of  active  material  per  K.W.  =  7.65    „ 

An  outline  drawing  of  the  machine  is  given  in  Figure  297. 


6600  kgs. 


Examples  of  Designs. 

In  Table  XXVIII.  there  is  set  forth  the  design  data  of  two  3- phase, 
50  ~  turbo-altematore  having  cylindrical  rotors.  Design  No.  6  is  for  an 
output  of  560  K.V.  A  at  500  volts,  and  is  totally  enclosed.  Air  is  drawn 
in  from  an  opening  in  the  base  of  the  end-covers,  and  after  being 
propelled  through  the  rotor  and  stator  ducts  leaves  the  machines  by 
openings  in  the  stator  frame.  This  alternator  is  designed  with  two 
poles.  The  drawings  are  given  in  Plate  XI.  and  a  photograph  of  the 
machine  while  on  the  test  bed  is  reproduced  in  Figure  298. 

Alternator  No.  7  (Plate  XII.),  by  the  Electric  Construction  Company, 
is  designed  for  a  continuous  output  of  laoo  K.V.A.  at  6600  volts  and 
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an  overload  output  1800  K.V.A.  for  two  hours.  The  rotor  body  is  of 
forged  steel,  and  carries  a  distributed  winding  in  open  slots.  A  special 
feature  of  this  design  is  that  the  ordinary  practice  of  radial  slots  is  not 
adopted,  the  slots  being  machined  out  in  the  manner  shown  in  the 
drawing.  The  advantage  of  this  method  is  that  former-wound  coils  can 
be  placed  directly  in  the  parallel  slots  without  disturbing  the  form  of 
the  coil.  The  winding  in  the  two  inside  slots  is  divided  into  two  or 
three  sections  according  to  the  depth  of  the  slot,  and  each  section  is 
kept  in  place  by  phosphor-bronze  wedges.  The  end -connections  are 
secured  by  strong  steel  plates  and  phosphor  bronze  keys,  as  shown  in 
the  drawing :  each  element  is  thus  supported  individually.  The  coils 
are  wound  with  flat  strip  on  edge,  and  compressed  after  having  been 
placed  in  position.  The  armature  construction  is  of  the  usual  standard 
design,  and  the  windings  are  held  in  position  by  strong  brass  clamps. 
The  stator  frame  is  provided  with  air-suction  and  delivery  openings, 
cold  air  being  drawn  in  at  the  base  of  the  machine  and  dischai^ed  from 
chimney-shaped  openings  at  the  top. 


DcMgn  Number 

6 

7 

Drawing  on  Plate 

XI. 

Xll. 

Brush  Electrical 
Engineerin    Co. 

Electric  Con- 
stniction  Co. 

SptHfcaiim— 

Oulput  in  K.V.A 

560 

IIOO 

Normal  rating  {^^^    \        \        \         \ 

450 
0.8 

0.85 

Speed  in  R.P.M 

lumber  of  poles 

3000 

IJOO 

Terminal  volts 

500 

6600 

Star 

Star 

CurienI  at  normal  rating  (ampires)  . 

650 

no 

StaUr  Cort- 

Exlemal  diameter 

1^ 

140 

Internal  diameter 

Is 

Gross  length  between  flanges   . 

74 

8S 

Number  of  ducts 

17 

Nett  length  of  icon 

5° 

66 

Number  of  slots 

56 

60 

Slots  per  pole  per  phase  . 

6 

5 

Staler  Winding!— 

Conductors  per  slot           .... 

S 

Turns  in  series  pec  phase 

80 

Siie  of  conductor  bare     .... 

2(0.405x1.27) 

2(0.305x0.51) 

Ampices  pet  cm,' 

320 

350 

Space  factor 

Mean  length  per  turn      .... 

0.46 

0.25 

350 

370 

.„  Coot^lc 


DESIGN  OF  ALTERNATORS 
Tabls  XXVIIL  [conlittited). 

Design  Number 

Drawing  on  Plale        .... 
Manufacturer 


Rottr  Iran — 
External  diameter   . 
Internal  diameter    . 
Pole  pilch       .... 
Gross  length  of  iron 
Number  of  ducts 
Number  of  slots 
Material 

Rvfor  Winding— 
Turns  _per  pole 
Siie  of  wire  (bare)  . 
Width  of  slot  .... 
Depth  of  slot  . 

Space  factor    .... 
Mean  Length  per  turn     . 
Amperes  at  normal  rating 

Exater  voltage  (max.)     . 

MiKnetic  Data  [Full-load)— 
Flux  in  armature  per  pole 
Leakage  coefiicient . 
Flax  density  in  armature  core  . 

„  armature  teeth  (mi 

„  air-gap    . 


44  wound 

0.5  mm. 

(.laminated  steel 


Lesses  catd  Efficiency  {Full-loail) — 

Cos » 

Core  loss  in  watis    • 
Staloi  I'R  loss  in  watts  . 
Excitation  loss  in  watts    . 
Friction  and  windage  in  watts . 
Efficiency        .... 

Healing  of  Siatar— 

Temperature  rise  of  stator 
Walls  lost  between  flanges 
Cooling  surface  (dcm. )'  , 
Heating  coefficient  K.     .  . 


35' C 
S,26o 

2,650 


:C)o6g[c 
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Table  XXVIII.  UenlimtuJ). 


Design  Number 

Drawii^  on  Plate 

Muobcturcr { 

6 

XI. 

Brush  Electrical 

7 

XU. 

Electric  Con- 
struction Co. 

migilt  (in  Kgs.)- 

StatoT  copper 

Field  copper 

Statoriion 

Rolor  iron 

Weight  per  KW.  output 

Censlantt— 

Output  coeffidept 

Peripheral  speed  in  m/sec. 

Flux  density  in  air-gap    .... 
Short-circuit  cun-ent 
Full- load  current 

9J 

250 
7,000 

*-3 

240 

700 
4,750 

1.37x10-* 

70 

190 

6,0(X> 

1.6  (field  exdied 

for  6000  lolU 

at  r,o-\o»A) 

3100-jr  V.A.,  Three-phase  Turbo-alternator,  with  definite  Pole  Rolor, 
and  cooled  by  Forced  Draught. 
This  alternator,  the  tjrawings  of  which  are  given  in  Plate  XIIL,  was 
built  for  an  output  of  3200  K.V.A.  at  cos  ^  =  0.8,  the  speed  of  the 
turbine  being  980  revolutions  per  minute.  With  six  poles  this  corresponds 
to  a  frequency  of  49  cycles  per  second.  The  terminal  pressure  is  3200 
volts,  so  that  with  a  star-connected  armature  the  current  per  phase" 
578  ampi^res. 

Mechanical  Construction 

Stator. — The  construction  of  the  stator  has  been  carried  out  so 
that  all  parts,  where  heat  is  generated,  shall  be  thoroughly  ventilated. 
The  armature  core  is  built  of  0.5  mm.  stampings  arranged  in  nine 
segments  per  layer,  and  the  laminations  are  separated  at  intervals  so 
as  to  form  eleven  equally  spaced  radial  air  ducts  1.5  cm.  wide. 
The  iron  distance  pieces,  riveted  to  plates  of  somewhat  greater 
thickness  than  the  norma!,  are  of  circular  shape  in  the  body  of  the 
core,  and  U-shaped  at  the  teeth.  When  assembled  the  laminations 
are  clamped  between  the  cast-iron  end-flanges  by  36  steel  bolts  of 
lyV''!*^^  diameter.  On  account  of  the  great  length  of  the  core  a  support- 
ing flange  is  butit  in  so  as  to  take  up  the  stress  in  the  middle  part 
of  the  frame.  To  avoid  crossing  of  the  various  phases  the  end- 
connections  are  arranged  in  three  planes,  and  the  clamps  for  their 
support  are  fixed  to  bolts  screwed  into  the  end-flanges. 

Rotor. — The  six  steel  pole  cores  together  witli  the  hexagonal: 
r       ,.,  i,C".(.H")t^lc 
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yoke  form  a  single  casting  nhich  is  machined  all  over  so  as  to  give 
a  perfect  mechanical  balance.  The  field  coil  for  each  pole  consists 
of  86  turns  of  2  x  45  mm.  copper  strip  wound  on  edge,  adjacent 
turns  being  insulated  from  each  other  by  o.z  mm.  press-spahn  strip. 
The  pole  shoes  are  of  laminated  steel,  and  each  is  secured  to  its  pole 
by  two  dovetails  and  six  a  J  inch  bolts.  The  pole  shoes  are  shaped 
to  give  an  almost  sine  distribution  of  magnetic  flux.  The  middle  of 
the  pole  shoe  surface  is  turned  to  a  diameter  of  127  cms.  concentric- 
ally with  the  armature,  while  at  the  ends  they  are  bevelled,  the  depth 
of  air-gap  increasing  from  2.5  cms.  under  centre  of  pole  to  3.7  cms. 
at  extreme  edge.  As  is  usual  in  this  type  of  construction,  the 
component  of  centrifugal  force  tending  to  make  the  coils  bulge 
sidewise  is  resisted  by  four  V-plates  of  bronze  bolted  between 
adjacent  coils.  The  cooling  air  from  the  fan  reaches  the  pole  core 
through  six  axial  air  channels  which  are  bored  through  the  spider. 
From  thence  the  air  passes  through  ten  radial  ducts  in  each  pole 
towards  the  rotor  periphery.  At  each  side  all  the  pole  shoes  are 
connected  together  by  a  bronze  ring,  to  which  is  bolted  a  bronze 
plate  shaped  so  as  to  propel  the  air  through  the  ventilating  channels  in 
the  spider.  The  slip  rings,  fitted  to  the  shaft  on  either  side  of  the  field 
system,  are  of  bronze  and  bolted  to  the  six  arms  of  a  cast-steel  spider. 
They  are  insulated  from  the  latter  by  micanite  bushes,  and  current  is 
led  into  and  out  of  the  rings  through  copper  platted  carbon  brushes. 

Ventilation. — Three  independent  air  passages  have  been  pro- 
vided for  cooling  the  stator  core,  stator  end-connections,  and  field 
magnet  respectively.  The  air  is  forced  through  the  machine  from  a 
fan  placed  in  a  recess  in  the  foundations.  The  fan  has  a  maximum 
output  of  700  cubic  metres  per  minute,  and  is  driven  by  a  direct- 
coupled  3o-B.H,P.,  3-phase  motor  running  at  720  revolutions  per  minute. 
The  cooling  air  passes  to  all  the  lower  parts  of  the  machine  through 
a  ^eet-iron  trough,  and  from  here  three  passages  are  open  to  it  One 
passage  is  round  the  outer  part  of  the  frame  and  through  the  air 
ducts  of  the  stator.  The  second  air  passage  round  the  flanks  of 
the  stator  and  past  the  end-connections  consists  of  two  paths  placed 
symmetrically  with  regard  to  the  centre  of  the  machine.  The 
remaining  path  is  through  two  channels  formed  in  the  protecting 
end-covers  on  either  side  of  the  rotor,  and  from  there  through  the 
axial  channels  in  the  spider  to  the  sides  of  the  armature  core.  The 
five  heated  air  currents  meet  at  the  top  of  the  frame,  and  from  there 
escape  through  a  vent  in  the  top  of  the  frame. 

Electrical  and  Magnetic  Data. 
.Sialor  Coit^ 

Exteiiuil  dUmelcr       ...      196       Nell  Icnglh  of  irun         .  .  .        SS 

Internal  diameler  |J2      Number  of  slols    ....     16a 

Gross  leoglh  bet wef  II  lUnges  no      Slots  per  pole  pet  phase  ■         9 

r     .  Jill  Google 
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Stater  Windir^— 
Cmductor  per  slot 
Turns  in  series  per  phase   . 
Size  of  conductor  (bare) 


I  I  Amperes  per  cm.* 
7  j  Slots  space  Tactoi  . 
,'  I  Mean  length' per  li 


Pitld  Magnet  Iran — 
Pole  pitch 

Pole  arc  -i-  pole  pitch . 


FUldMagmt  Winding— 
Turns  per  pole. 


.    0.6S  I 


Length  of  pole  shoe 

Radial  depth  of  pole  and  shoe 


Depth  of  windii^  spej:e 
Space  factor 


86  I  Mean  length  per  turn    . 

(4.5  Amperes  at  normal  rating 

4.5  I  Ampirespercm,'. 

0.85  I  Exciter  volts  (max.) 


Magnttic  Data  {Full-load  Cos  ^=0.8)— 

Flux  in  Bimature  per  pole         35  x  lo*  |  Flux  density  in  teeth  (max. )  .  19,500 

Lealtage  coefficient .        .         .1.15  Flux  density  in  air-gap      .  ,  7,500 

Flux  denuty  in  armature  core  .     7,000  I  Flux  density  in  pole  core  .  .  16,000 

Lettts  and  Efficiency  [Full-load  Car  0=0.8) — 
Core  loss  in  watts  .         .        .     44.000  I  Exciter  loss  in  watts .         .        .       1,500 
SUIor  PR  loss  watts      .         .     18,500  \  Fan  motor        ....     Jo,ooo 
Excitation  watts    .        .         .     14,000      Efficiency         ....    96.0% 
Friction  and  windage  watts   .     36,50a  I 

Htating  (12  Hours  Test  at  Full-load)— 

Temperature  rise  of  stxtor       .    26°  C.   I  Temperature  rise  of  lield  coils  .  32°  C. 

Watts  loss  between  flanges      .    5J,Qoo  EiciiaiiDn  watts  per  coil      .  .   2,330 

Cooling  surface  (dcm.')  .        .     3,140  I  Cooling  surface  per  coil  (dcm.')  ,         58 

Heating  coefficient,  Ka   .         .         1.6  |  Heating  coefficient,  K„        .  .  6 

Inherent  Regulation  [Rise)— 

Full-load  cos  0=  I 5.2  7, 

Full-load  cos  0  =  a8 ....  16- 7  7. 

Full-load  cos  ^=0,7 18.5  7. 

Weights— 
StatoT  copper    .        .         .      960  kgs.   i  Stator  iron         .         .        .     10,500  kgs. 
Field  copper     .         ,         ,    1,170    „     1  Rotor  iron         .         .         .      7,lOo    „ 

Total  active  material 19,730    „ 

Weight  per  K.W.  output 7-5    ,. 

Total  weight,  including  bed-plate  and  exciter        .         ■         .    apptox.  40,000    „ 

CoHtlants — 

Output  coefficient \.Tx\cfi 

FeHpheral  speed  m/sec 66 

Ampire-conductors  per  cm.  of  ariualure  periphery         ....  22a 

Flux  density  in  air-gap 7,5oo 

v». ».s 
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6000-A'.  V.A.,  Three-phase  Turbo-alternator,  with  definite  Pole  Rotor. 
Constructed  by  Parsons  ^  Co,  Ltd. 
Plate  XIV.  shows  the  general  design  of  a  6000-K.V.A.  turbo- 
altemator  built  by  Parsons  &  Co.  Ltd.  for  the  Electric  Supply 
Station  at  Sidney,  N.S,  Wales.  The  rotor  is  of  (he  same  construction 
as  that  shown  in  Figure  143A,  except  that  the  solid  slee!  pole  shoes 
are  not  ribbed  at  the  top,  but  so  bevelled  as  to  give  a  wave  form 
approximating  very  closely  to  a  sine  curve.  The  field  coils  are  each 
completely  closed  in  sheet  steel  cases,  all  the  joints  of  which  are 
soldered  up  while  the  ends  of  the  coils  are  cairied  by  a  projecting 
portion  of  the  pole  piece.  The  slip  rings  are  shrunk  direct  on  the 
shaft  The  leading  data  and  constants  of  this  machine  are  given  in 
the  following  table  ;— 


Speqfieation — 

Output  in  K.V.A.    . 

Normal  ratine  { 

"  Icos  4> 

Number  of  phases   . 

Frequency 

Speed  in  R.P.M.      . 

Number  of  poles 

Terminal  volts 

Current  output  in  amperes 
Dimensions — 

External  diameter  of  stator 

Internal  diameter  of  stator 

Gross  length  of  core  between  flanges 

Number  of  ventilating  di 

Number  of  slots 

Slots  per  pole  per  phase 

Conductors  per  slot 

Radial  depth  of  air-gap 
Constants — 

Output  coefficient    . 

Peripheral  speed  m/sec. 

Short-circuit  current 
Full-load  current 

Full-load  efficiency . 


=  6000 

=  5000 

-  0.8s 
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CHAPTER   XIII 

ROTARY  CONVERTERS  :— TRANSFORMATION  RATIO- 
ARMATURE  REACTION  AND  WINDINGS 

In  modern  supply  systems  the  usual  practice  is  to  erect  the  generating 
station  on  a  site  where  coal  is  cheap  and  where  an  abundant  water 
supply  can  be  had  for  the  boilers  and  condensers.  This  economic 
consideration  often  means  locating  the  generating  plant  at  some  con- 
siderable distance  from  the  area  of  supply,  and  it  then  becomes 
necessary  to  transmit  the  power  by  means  of  polyphase  current  at 
a  pressure  of  5000  or  more  volts  between  lines  according  to  the  dis- 
tance and  amount  of  power  to  be  transmitted.  For  certain  purposes, 
however,  a  direct  current  is  either  the  only  one  that  it  is  possible  to 
use,  or,  as  in  the  case  of  electric  railways  and  tramways,  it  is  more 
advantageous  than  an  alternating  current.  Machines  and  apparatus 
must  hence  be  provided  by  means  whereby  the  high  pressure  alter- 
nating current  may  be  transformed  to  a  direct  current  of  moderate 
voltage.  Machines  for  effecting  this  transformation  may  take  one 
of  three  forms,  namely : — 

1.  Motor  generators. 

2.  Rotary  converters. 

3.  Cascade  converters. 

When  a  motor  generator  is  used,  the  motor  part  may  consist  of  a 
polyphase  synchronous  or  induction  motor,  while  the  generator  is  simply 
an  ordinary  direct  current  dynamo.  Instead  of  there  being  two  separate 
machines  as  in  the  case  of  a  synchronous  motor  set,  the  alternating 
current  winding  and  the  direct  current  winding  could  be  placed  on  the 
one  armature,  thus  eliminating  one  field  system,  and  one  or  two 
bearings.  In  such  a  combination  the  alternating  current  necessary  to 
drive  the  machine  as  a  motor  would  be  supplied  through  slip  rings 
mounted  on  the  armature  shaft  and  connected  to  the  alternating 
current  winding,  while  the  direct  current  would  be  collected  from  the 
commutator  of  the  second  winding.  The  great  drawbacks  to  such  an 
arrangement  are  that  the  armature  would  have  to  be  unduly  large  in 
order  to  carry  the  windings,  and  that  the  insulating  of  the  two  windings 
from  one  another  is  extremely  difficult.  A  further  simplification  is, 
however,  made  possible  by  combining  the  two  windings  in   one,  so 
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that  the  alternating  and  direct  currents  traverse  the  same  conductors. 
The  winding  of  such  an  armature  would  be  similar  to  that  of  a 
direct  current  machine,  but  in  addition  to  the  commutator  there  would 
also  be  slip  rings  connected  to  certain  points  in  the  armature  winding. 
Alternating  current  is  delivered  to  the  armature  winding  through 
brushes  bearing  on  these  slip  rings,  thus  causing  it  to  run  as  a 
synchronous  motor,  while  direct  current  is  taken  from  the  com- 
mutator in  the  usual  way  by  another  set  of  brushes.  A  machine 
'operated  in  this  manner  is  known  as  a  "rotary  converter."  A  rotary 
converter  may  also  be  run  as  a  motor  from  the  direct  current  side,  and 
alternating  current  withdrawn  from  the  slip  rings,  in  which  case  it  is 
referred  to  as  an  "  inverted  rotary."  Since,  as  is  afterwards  shown,  the 
allernating  current  volts  are  always  lower  than  the  direct  current  volts, 
which  latter  usually  range  from  200  to  600,  it  follows  that  the  alternat- 
ing current  pressure  to  be  supplied  to  the  slip  rings  of  the  rotary  is  too 
tow  for  long-distance  transmission,  and  it  becomes  necessary  to  insert 
transformers  to  reduce  the  high  voltage  of  the  transmitted  current  to  a 
pressure  suited  to  the  rotary  convenor.  Step-down  transformers  are 
therefore  nearly  always  used  in  conjunction  with  rotary  convertors. 

Ratio  of  E.M.F.'s  and  Currents. — In  a  direct  current  dynamo, 
the  currents  flowing  in  the  armature  coils  are  alternating  currents 
which,    by    the    action    of  - — 

the  commutator,  are  made 
to  flow  through  the  ex- 
ternal circuit  in  one  direc- 
tion. Considering  a  2-pole 
direct  current  ring- wound 
armature,  as  represented  in 
Figure  299,  let  it  be  assumed 
that  the  magnetic  flux  is 
distributed  along  the  arma- 
ture periphery  according  to  yk.  299. -Single- phase  converter. 
the   sine   law,   then,  as  the 

armature  rotates,  the  sinusoidal  E.M.F.'s  induced  in  consecutive 
coils  will  differ  in  phase  by      radians,  where  x  denotes  the  number 

of  armature  coils  per  pole.  In  order  to  determine  the  alternating 
voltage  existing  between  any  two  points  (say,  Xy  and  x^  on  the 
winding,  it  is  necessary  to  add  vectorially  the  E.M.F.'s  induced  In 
all  the  coils  situated  between  these  points.  Thus,  taking  the  two 
points  .r,  x^,  which  correspond  to  a  span  equal  to  the  pole  pitch  and 
embrace  twelve  armature  coils,  there  is  obtained  the  open  polygon 
OAB  of  Figure  300,  the  closing  side  OB  of  which  is  the  resultant 
E.M.F.  of  the  group  of  coils  considered.  If  each  of  the  vectors  be 
taken  to  represent  the  maximum  value  of  the  alternating  E.M.F.,  then 
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the  vector  OB  will,  for  a  group  of  coils  extending  over  one  pole  pitch, 
represent  the  maximum  value  of  the  E.M.F.,  which  is  evidently  the 
same  as  the  direct  E.M.F.  between  Ihe  two  brushes  beaiing  on  the 
commutator.  For  any  smaller  group  of  coils,  such  as  that  made  up  of 
coils  I  to  7,  there  is  obtained  for  the  maximum  value  of  the  E.M.F. 
a  vector  OA,  Now  if,  as  would  invariably  be  the  case,  Che  number  of 
armature  coils  between  two  brushes  is  of  the  order  of  50  or  more,  the 
regular  polygon  (OAB  in  Figure  300)  which  results  from  the  vectorial 
addition  of  the  E.M.F. 's  of  consecutive  coils,  may,  for  all  practical 
purposes,  be  considered  as  equivalent  to  a  circular  arc.  Hence,  in 
order  to  find  the  amplitude  value  of  the  alternating  voltage  between  any 
two  points  on  the  armature  winding,  the  following  construction  may 
be  adopted : — Referring  to  Figure  30  r,  on  the  line  OA  as  diameter— 


the  length  of  OA  representing  to  a  suitable  scale  the  voltage  between 
two  consecutive  brumes  of  the  commutator — describe  a  circle  OBA. 
The  maximum  value  E„  of  the  alternating  voltage  existing  between 
any  two  points  on  the  armature  winding,  separated  by  a  distance 
equivalent  to  a  phase  angle  x,  is  given  by  the  chord  AB  :  hence, 

E^  =  AB  =  2rsin -  =  E  sin - 


where  r  denotes  the  radius  of  the  circle,  and  E  is  the  direct  current 
voltage.  Having  obtained  this  ratio,  the  voltage  and  current  relations 
between  the  direct  and  alternating  current  sides  of  single  and  poly- 
phase converters  can  now  be  investigated. 

For  the  purpose  of  studying  the  theory,  rotary  converters  may  be 
considered  either  as  used  to  convert  direct  currents  into  alternating, 
or  to  convert  alternating  into  direct.  The  latter  function  is  the 
more  frequent  occurring  in  practice,  but  the  former  is  the  more  easy 
to  follow  out  in  thought. 
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1.  Singk-pkast. — The  principle  of  the  single-phase  rotary  con- 
verter will  be  explained  by  aid  of  Figure  299,  the  annature  of  which 
is  supposed  to  be  driven  as  a  motor  from  a  direct  current  supply.  The 
commutator  brushes  B,  Bj  are  fixed  in  such  a  position  that  the 
annature  coils  undergoing  commutation  are  midway  between  the  poles. 
If  the  two  points  x^  x^  on  the  armature  winding,  situated  180  space 
d^rees  apart,  be  connected  to  the  slip  rings  Sj  S^,  then  it  is  obvious 
that  the  E.M.F.  between  these  points,  and  thus  between  the  slip  rings 
S[  Sj,  will  be  a  maximum  at  that  instant  when  x-^  and  x,  coincide  with 
the  brushes  Bj  and  B^  respectively,  and  is  at  that  instant  equal  to  the 
direct  current  voltage  E  of  the  machine.  As  the  points  x^  and  x^  move 
away  from  this  position,  the  difference  of  potential  between  the  slip  rings 
S,  and  Sg  decreases,  and  becomes  zero  at  the  instant  when  x-^  and  x^ 
coincide  with  the  plane  AA.  At  this  moment  the  difference  of  potential 
between  Xj  and  x^  reverses  and  increases  again,  attaining  the  value  -  £ 
when  x■^  and  x^  coincide  with  the  brushes  B^  and  Bj  respectively.  It 
wilt  thus  be  seen  that  between  the  slip  rings  Sj  and  Sg  there  is  pro- 
duced an  alternating  E.M.F,,  whose  amplitude  is  equal  to  that  of  the 
direct  current  voltage  E.  In  a  z-pole  machine,  a  complete  period  of 
the  alternating  E.M.F.  will  correspond  to  one  revolution  of  the  armature, 
and  in  general,  if  there  be  /  pairs  of  poles,  and  the  armature  speed 
be  R  revolutions  per  minute,  the  frequency  of  the  alternating  voltage 
wiUbe 

60 

Since  the  maximum  value  of  the  alternating  voltage  is  equal  to  that  of 
the  direct  current   side,  and  assuming   the   alternating   electromotive 
force  to  vary  according  to  the  simple  sine  law,  the  effective  value  of 
the  alternating  voltage  across  the  slip  rings  will  be 
E 

That  is,  if  a  machine  such  as  is  represented  in  Figure  299,  have  its 
direct  current  side  connected  to  a  suitable  supply  of  voltage  E,  it  will 
run  as  a  motor  from  the  D.C.  side  and  produce  at  the  slip  rings  an 

alternating  E.M.F.  =     }  times  the  direct  current  voltage;  also,  since 

every  alternating  current  generator  is  reversible,  if  the  slip  rings  of  such 

a  machine  be  connected  to  an  alternating  supply  of  voltage  =    ^-x 

the  direct  current,  and  frequency  =  ^,  the  machine  if  duly  synchronised 

will  run  as  a  synchronous  motor,  or,  if  at  the  same  time  supplying 
direct  current,  as  a  synchronous  or  rotary  converter.  Supposing  the 
machine  to  be  devoid  of  losses,  and  assuming  the  alternating  cunent         . 
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and  induced  voltage  to  be  in  phase,  then  the  output  in  K.V.A.  liom 
the  direct  current  (D.C)  side  must  equal  the  input  in  K.V.A.  to  the 
alternating  current  (A.C.)  side.  From  this  it  follows  that  if  I  denote 
the  value  of  the  current  taken  from  the  D.C.  side,  the  current  input 
at  the  slip  rings  will  be 

I„=  s/^I=..4i4l 
2.  THvo-  or  ^-phase. — Suppose  the  armature  of  Figure  299  to  be  pro- 
vided with  another  pair  of  slip  rings  (Figure  302),  which  are  connected 

.. to  points  x^  and  x^  on 

the  armature  winding 
midway  between  x^^  and 
x^  there  will  then  exist 
between  these  additional 
slip  rings  an  altematir^ 
voltage  of  the  same  mag- 
nitude and  frequency  as 
between  the  slip  rings  Sj 
Sj  in  Figure  299.  The 
F.c.  302.-FoUr-pha«;  conver<«.  E.  M.  F.'s  between  the  re- 

spective pairs  of  slip  rings 
will,  however,  be  in  quadrature,  for  it  is  obvious,  from  what  has  been 
said  above,  that  when  the  voltage  between  x^  and  ^i:^  is  a  maximum, 
that  between  x-^  and  x^  must  be  zero.  A  2-  or  4-phase  converter  is 
thus  obtained  by  connecting  four  equidistant  points  a-,  x^  x^  and  j:, 
of  a  2-pole  direct  current  generator  to  four  slip  rings,  which  are  sup- 
plied with  current  from  a  suitable  z-phase  supply.  The  ratio  of  the 
E.M.F.'s  is  given  by  the  equation 

E,=  -^   =0.707  E 

and  since  (assuming  ioo7„  efficiency  and  unity  power  factor)  the 
power  input  to  the  AC  side  must  equal  the  power  output  from  the 
D.C.  side,  i.e.,  2E,  I„=  EI,  the  current  per  phase  is 

I"=      2     =^  =  0.7071 

3.  Three-phase. — A  s-jihase  converter  is  obtained  by  connect- 
ing three  equidistant  points  on  the  armature  winding  of  a  direct 
current  machine  to  three  slip  rings,  as  shown  in  Figure  303,  Since 
each  section  of  the  winding  has  (he  same  number  of  turns,  and 
occupies  the  same  space  on  the  periphery  of  the  armature  core,  the 
potential  difference  between  any  two  of  the  three  slip  rings  must  be 
the  same,  but  the  induced  E.M.F.  in  the  three  sections  will  rise  and 
fall  at  intervals  corresponding  to  one-third  of  a  complete  period.  In 
Figure  304  the  E.M.F.'s  between  the  respective  slip  rings  are  repre- 
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sented  by  the  vectors   EjEj,  EjEg,  and  E3E,,  which  form  the  side 
of  an  equilateral  triangle  ■• — 

EiEjEj.  If  the  centre 
O  of  the  circumscribed 
circle  be  joined  to  the 
points  El,  E,}  and  Eg  re- 
spectively, then  the  vectors 
0E„  OEj,  and  OEj  will 
represent  the  KM.F.'s 
between  the  three  slip 
rings  and  the  neutral 
point  of  the  3-pbase 
system.  Since  the  angle 
x=  120°,  the  effective  voltage  between  any  two  slip  rings  is 

„      E,E,    E,A   ■ 

R  _— L2=_*_  sir 


Fig.  303.— Three-phas 


Let  I„  denote  the  line  current,  then  since  the  total  3-phase  power 
>/3.E,.I„  must,  on  the  same  assumptions  as  above,  equal  the  total 
direct  current  power  EI,  the  current  per  slip  ring  is  expressed  by 


KlG.  304. — Vector  diagram 
for  3-phase  converter. 


Fic.  305, — Vectoi  diagram  for 
frphase  c< 


Further,  if  I„  denotes  the  alternating  current  in  each  phase  of  the 
winding  at  cos  ^  =  i  and  100  %  efficiency,  then  since 
3l.3i  =  EI 

I  EI  T 

m-sHp  rings. — In  the  general  case  of  a  converter  in  which  m  equi- 
distant points  on  the  armature  winding  are  connected  to  m  slip  rings. 
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the  angular  distance  between  adjacent  tappings  will  be  zv/m,  and  the 
corresponding  slip  ring  voltage  is 


Now^  from  Figs,  304  and  305  it  is  obvious  that,  independent  of  the  number 
of  phases,  the  voltage  E„  between  any  slip  ring  and  the  neutral  point 

of  the  system  =  ";   ;  hence,  since  I„  denotes  the  line  current, 

«£,!„  -  EI 

-"dI„  =  J^  =  L.^ ("«) 

Further,  the  armature  current  per  phase  is  obtained  thus, 

■      I    =  ^'  =    El  7a    ^    J~t\ 


in  —     2  sin  ^  I 


Assuming  the  voltage  and  current  at  the  D.C.  side  to  be  unity,  the 
alternating  voltages  and  currents  for  converters  having  different  number 
of  slip  rings  would  then  be  as  follows : — 


Table  XXIX.— Converter  Ratios  (Theorbtical  Values). 
Efficiency  =  100  Per  Cent.     Power  Factor  Cos  0=1. 


Volis  between  slip  tings 
and  neutral  point  of  the  ! 
system  E.   '  . 


Volts  between  slip  rings  E, 
Current    per   slip   ring  01 


e  t„. 


per  I 


'■354 


'■354 


II 


■-354 


4    0-183 

..707;o.47i'o.a36 


3.471 1  0.45s 


ra,:cdbvG00g[c 
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Owing  to  the  voltage  consumed  by  the  cunent  in  overcoming  the 
resistance  of  the  armature  winding,  the  ratio  between  the  terminal 
P.D.  on  the  D.C.  side  and  the  alternating  voltage  applied  to  the  slip 
rings,  will  in  practice  differ  somewhat  from  these  theoretical  values. 
The  method  of  making  the  necessary  correction,  which  is  comparatively 
small,  is  described  on  page  441. 

In  obtaining  the  current  ratios  I„  and  I„  given  above,  the  power 
factor  on  the  alternating  current  side  was  taken  as  unity,  while  the 
small  power  component  of  the  cunent  supplying  the  losses  in  the 
converter  was  neglected.  To  allow  for  these  let  I„  denote  the  value  of 
the  alternating  current  when  these  factors  are  neglected,  h\„  the  power 
component  of  the  current  when  allowance  has  been  made  for  the  iron, 
friction,  and  shunt  excitation  losses  of  the  machine,  and  k\^  the  wattless 
current  of  the  converter,  then  the  total  current  taken  by  the  converter 
=  I„  =  I„  ^Ifi  +  k^ .  That  is,  the  current  ratios  given  above  have  to  be 
multiplied  by  the  factor  H^=  Jh^  +  k"^, — where  A  is  a  quantity  slightly 
greater  than  unity,  according  to  the  losses  in  the  converter,  and  k  is  the 
ratio  of  the  wattless  current  to  the  watt  current  I„ ;  e.g.  if  the  iron, 
friction,  and  excitation  losses  of  the  converter  be  4  per  cent  of  the  D.C. 
output,  while  the  wattless  current  =  20  per  cent  of  the  watt  current, 
then  1.04  and  0.3  are  the  values  that  have  to  be  ass^ed  to  h  and  k 
respectively. 

Factors  which  affect  the  Converter  Ratios.— The  converter 
ratios  given  in  Table  XXIX.  have  been  deduced  on  the  assumption  that 
the  flux  density  along  the  armature  periphery  varies  according  to  the 
sine  law.  In  a  machine  of  standard  construction  the  air-gap  would 
be  of  uniform  depth  over  the  greater  part  of  the  pole  face,  and  this 
would  give  rise  to  a  flat-topped  curve  of  induced  E.M.F.  In  general, 
therefore,  the  sine  wave  hypothesis  will  only  be  approximately  correct, 
and  though  one  would  expect  the  actual  values  of  the  voltage  ratio  to 
be  somewhat  different  from  those  derived  on  the  sine  wave  hypothesis, 
still  it  is  found  as  a  result  of  the  distributed  winding  that  these  values 
are  sufficiently  exact  for  most  practical  purposes.  In  a  given  machine 
the  ratio  of  pole  arc  to  pole  pitch  is  the  most  important  factor  influenc- 
ing the  relation  between  the  alternating  and  direct  current  voltages. 
By  altering  this  ratio  the  curve  of  flux  distribution  is  changed,  and  hence 
also  the  ratio  between  the  maximum  and  effective  values  of  alternating 
E.M.F.  The  ratio  of  the  direct  and  alternating  voltages  can  be  deter- 
mined graphically  for  various  values  of  pole  arc  -t  pole  pitch,  when  once 
the  curve  of  flux  distribution  is  known.  In  Table  XXX.  there  are  set 
forth  the  voltage  and  current  ratios,  as  obtained  by  Arnold  and  La 
Cour,'  the  drop  due  to  ohmic  resistance  being  neglected.  The  resuhs 
in  this  table  show  that  when  the  length  of  the  pole  shoe  arc  is  about 
'  Die  Wahsthlmmlecknik,  vol.  iv.  pp.  686,  688. 

r^  ...duCoOgIc 
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70  per  cent  of  the  pole  pitch  the  conversion  ratios  are  approximately 
the  same  as  for  sine  law  distribution. 


Table  XXX.— Con  vert  br  Ratios  a 


i  Pole  Arc/Polb  Pitch. 


Pole  Arc-f-Pok  Pilch. 


Ratio  of  line  veils  A.C.ID.C- 
Direct-currcnt 
Single- phase . 


.  io.67  I  0.69  0.707  j  0.707  ._ 
.  I  0.59  I  0.60  a.6i  Ia.6i2  0.64 
.  I0.48    10,49      O-So    |O.S      |o-5i 


Single-phase , 
Three-phase . 
Foui- phase   ■ 


Raiie  of  armalure  currtnt  lo  D.C. 


Six-phase 
Twelve-phase 


0.707  0.707  10.69 
0.47  0.47a  I  0.46 
0.34    ■0.136.0.23 


^SSo   0.545,0.545   o-S' 
-      0.5     1 0.5     1 0.48s 
0-47?   0.47110455 
0-455    0-45S    o-«5 


The  ratio  between  the  direct  and  alternating  current  voltages  varies 
also  with  the  wave  shape  of  the  alternating  E.M.F.  applied  to  the  slip 
rings.  For  the  direct- current  voltage  bears  a  definite  relation  not  only 
to  the  maximum  value  of  the  alternating  vollage,  but  to  the  effective 
value,  as  read  on  a  voltmeter,  only  in  so  far  as  the  latter  depends  upon  the 
former,  being  =-i     the  maximum  value  with  a  sine  wave.    Thus  if 

an  E,M.F.  wave  having  a  different  ratio  of  maximum  to  effective  value 
be  impressed  upon  the  slip  rings,  the  ratio  between  direct  and  alter- 
nating voltage  is  altered  in  the  same  proportion  as  the  ratio  of  maximum 
to  effective  value.  For  example,  with  a  flat-topped  wave  of  impressed 
E.M.F.  the  maximum  value,  and  thus  the  direct-current  voltage  depend- 
ing thereon,  is  lower  than  with  a  sine  wave  E.M.F.  having  the  same 
effective  value.  On  the  other  hand,  with  a  highly  peaked  wave  the 
voltage  ratio  may  be  lower  by  as  much  as  8  to  10  per  cent. 

The  E.M.F.  generated  by  a  rotaiy  converter  on  the  A.C.  side  will, 
owing  to  the  winding  being  well  distributed,  approximate  very  closely 
to  a  sine  wave.     Hence,  with  a  non-sinusoidal  wave  of  applied  E.M.F., 
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a  current  ot  higher  frequency  will  flow  through  the  armature  of  the 
converter  due  to  the  difTerence  in  the  wave  shapes  of  the  impressed 
and  counter  E.M.F.'s.  Since  the  resistance  of  the  armature  winding 
is  very  small  in  comparison  with  the  inductance,  these  currents  will 
be  practically  wattless,  and  will  therefore  have  a  n^ligible  influence 
upon  the  voltage  ratio  of  the  converter.  These  super-currents,  never- 
theless, result  in  an  increased  loss  in  the  armature  winding,  and 
also  tend  to  facilitate  hunting.  Hence  it  is  always  preferable  to  obtain 
an  applied  E.M.F.  whose  wave  form  is  as  near  to  a  sine  curve  as 
possible. 

Armature  Heating  and  Output. — One  of  the  most  important 
problems  to  be  considered  in  connection  with  rotary  converters  is  how 
the  current,  in  the  process  of  being  transformed  from  alternating  to 
direct,  or  vice  vena,  is  distributed  in  the  windings  of  the  armature. 
Consider  the  general  case  of  a  revolving  armature  which  at  the  same 
time  is  traversed  by  an  alternating  . 

current  to  drive  it  as  a  motor,  and  ,oOC70p\        ^ 

by  a  direct  current  which  it  supplies        ZTm   \_ljl/  .^J«    '' 
as  a  generator.    The  current  which      f!?~\x>^^^'^^^^^^ 
the   armature   receives   as   a   motor    L^^'^~^^/^;^^5\^Pr''''^J "  ' 
must  be  flowing  against  the  electro-   r^~>(    (((y^-X\T^\'i-i-. 
motive  force  induced  in  virtue  of  its    f^^^[|Jr\   \>~^y  i?-Z?J  ^  ' 
rotation,  while  the  current  which  it     X^\0^\y-,-»^^^^^^\^)      ' 
gives  out  as  a  generator  must  be  in       ^\/^jJ\\^\J      t, 
the  same  direction  as  the  induced  ^Iv  Q  Q  MJ7\     /' 

E.M.F.    The  current  in  the  armature  ^'•-^KJ*—^      v^ 

conductors  will  therefore  be  the  differ-  f,g.  306, 

ence  between  the  alternating  current 

input  and  the  direct  current  output.  There  will  now  be  investigated 
the  relative  copper  losses  in  the  armature  of  a  direct-current  machine 
when  (i)  it  is  fitted  with  vt-slip  rings  and  used  as  a  single  or  polyphase 
rotary  converter,  and  (2)  when  used  as  an  ordinary  direct-current 
dynamo  giving  the  same  output 

For  the  sake  of  simplicity  a  z-pole  machine  with  a  ring-wound 
armature  will  again  be  considered,  and  it  wilt  be  assumed  that  the 
alternating  currents  and  E.M.F.'s  follow  a  sine  law.  Both  assumptions 
may  not  be  valid  in  actual  practice,  but  the  error  thus  introduced  will 
be  quite  small. 

Referring  to  Figure  306,  let  the  coils  between  the  tappings  x^  and 
*-j  represent  the  winding  belonging  to  one  phase  of  an  M-slip  ring 
converter,  then  for  a  z-pole  machine  the  angle  subtended  between  a-, 
and  x^  is  iirjm  radians.  Further,  let  t»i  be  a  plane  bisecting  that 
section  of  the  winding  lying  between  x^  and  x^  into  two  equal  parts, 
&ac\ith3.\aox^"aox^=iTJm.  Assuming  for  the  present  a  power  factor 
cos  ^=  1,  the  alternating  E.M.F.,  between  jr,  and  x^,  and  hence  also 
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the  altemaling  cunent  Sowing  in  the  armature  section  x^  x^  will 
attain  its  maximum  value  when  the  considered  section  is  midway 
between  the  brushes,  as  shown  in  the  figure.  Since  the  direct- current 
changes  its  direction  in  every  armature  coil  at  the  moment  when  the 
coit  passes  under  the  commutator  brushes,  it  is  therefore  really  an 
alternating  cunent  of  nearly  rectangular  wave  form,  as  indicated  by  curve 
I,  in  Figure  307.  If  the  direct-current  output  from  the  commutator  be 
denoted  by  I,  then  for  a  2  pole  machine,  that  in  each  armature  con- 
ductor will  be  1/2.  At  the  instant  when  the  alternating-current  input 
is  a  maximum,  that  armature  coil  situated  midway  between  ;i:^  and  x^ 
will  be  intermediate  between  the  brushes  B,  and  B,,  and  is  thus  in  the 
middle  of  its  rectangular  direct- current  waves.     Consequently  in  this 


Fig.  307. — ReautlanI 


coil  ZIFig.  306). 


coil  the  alternating  current  input  and  the  rectangular  direct-current 
output  are  in  phase  with  each  other,  but  opposite,  as  shown  in  Figure  307 
by  the  curves  I„  and  I^  On  subtracting  the  ordinates  of  these  two 
curves  there  is  obtained  the  curve  I„  which  gives  the  resultant  current 

in  the  coil  midway  between  x^  and  % 

In  successive  armature  coils  the  direct- current  reverses  success- 
ively. That  is,  the  rectangular  currents  flowing  in  successive  armature 
coils  are  successively  displaced  in  phase  from  each  other,  and,  since  the 
instantaneous  value  of  the  alternating  current  is  the  same  for  the 
whole  section  .r J  x^,  and  in  phase  with  the  rectangular  current  in  the  coil 
s,  it  becomes  more  and  more  out  of  phase  with  the  rectangular  current 
from  coil  a  towards  ar,  or  x^  (Figure  308),  until  the  maximum  phase 

displacement  —       between   alternating    and   rectangular    current    is 
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reached  at  the  coils  x^  and  x^.     For  a  single-phase  converter  m=2, 

and  the  maximtim   phase  displacement  is  therefore  ^  as  shovn  in 

Figure  309.  If  a  (Figure  306)  denote  the  phase  angle  by  which  any 
armaiuie  coil  of  an  M-slip  ring  converter  is  displaced  from  the  plane 
passing  midway  between  the  lapping  points  to  two  adjacent  slip  rings, 
and  h  has  Che  same  meaning  as  on  page  425,  then  the  direct  current  in 


Fig.  308.— Resultant  ci 


n  coils  between  7.  and  jr 


that  coil  is  I/2   for  the  half-period  . 
alternating  current  is  expressed  by 


to  TT,  whilst  the  instantaneous 


where  I,  =  -^-^^ —  is  the  effective  value  of  the  alternating  current  in 
m  sin  ' 

any  .one  phase,  such  as  x-^  x^  and  tf  is  measured  from  the  vertical 
axis  passing  through  the  D.C.  brushes. 

This  equation  for  (j  assumes  that  the  wattless  current  of  the  con- 
verter is  zero.  If,  however,  the  current  lags  or  leads  with  respect  to  the 
induced  E.M.F.  by  a  given  angle  0^,  the  alternating  current  and  direct- 
current  in  the  armature  coil  z  midway  between  adjacent  leads  will  not 
be  in  exact  phase  opposition  for  the  position  shown  in  Figure  306,  the 
resultant  current  wave  I,  shown  in  Figure  307  being  now  obtained  in  that 
armature  coil  displaced  from  the  mid  coil  s  by  an  angle  =  <^,.     When 
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there  is  a  phase  difference  i^,  between  current  and  induced  E.M.F.  the 
equation  for  the  instantaneous  current  in  any  armature  coil  becomes 
(■=  Jz  I.  sin(tf-o-^i) 
=  J2  I,  sin  {&  -  a)  cos  *,  -  J2  I,  cos  (ff  -  a)  sin  ^ 
Now,  I,  cos  ^,  =  energy  component  of  the  current  =  ^L^  and  I^  sin  if , 
=  wattless  component  of  the   current  =  il„^  where  I,_  =— 


coils  jc,  and  jr,  (Fig.  306), 


Fig.  309.— Resultant  current  in  coils  j-,  and  jj  (Fig.  306). 


When  these  values  are  substituted  in  the  equation  for  i  there  is  obtained 
'■-  Va  I„Asin(fl-a)-  JJh,l!Cos(e-a) 

The  resultant  instantaneous  current  in  that  armature  coil  displaced  a 
radians  with  respect  to  the  central  plane  is  then 

,j  =  ,_I/a=  ^2  I„  {Asin(fl-a)-Acos(fl-a}|-I/a 

-?  j— "-  [Asin<tf-«)-Acos<fl-a)]-il 
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The  corresponding  effective  value  of  the  converter  current  is 

'^fj         ff/^sin*'  irmsin 


I       /         "8H/"      i6H,"cos(a  +  i,) 
tij         m^  sin^  -  irw  sin  - 


•  (iia) 


V                               7 

^                       '^ 

V                                  7 

A                                      '^ 

s               z 

i-                                      _/ 

:s              z:    ^ 

!   \                \                           -./               / 

\          ^v-                  -/            ^ 
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Fic.  310. — Cuire  showing  relative  healing  belween  tapping  points  of 
e  having  m  slip  rings. 


where   H,=  ^h^\.K\ 


=  cos  <^„  and  ^  =sin  ^■^■,  and  h  and  A 


have  the  same  meaning  as  on  page  425.    Since  the  production  of  heat 
in  an  electric  circuit  is  proportional  to  the  square  of  the  current  flowing, 
the  heat  generated  in  the  considered  armature  coil  will  be  given  by 
.rr"!  f,  I     8H.-        ■6H.cos(.t»,)l  "I 

l?!  ...„.„^    ,..„-'  I J 

where  K  is  a  coefficient.  This  expression  shows  that,  if  ^j  be  zero, 
the  beat  produced  in  a  coil  increases  as  the  angle  a  increases,  and 
will  hence  be  greatest  at  the  points  of  the  armature  winding  connected 
to  the  slip  rings,  and  least  in  that  coil  midway  between  the  tappings. 
If,  for  various  numbers  of  slip  rings  ranging  from  m  =  z  to  m  =  6,  the 
above  expression  for  the  heat  generated  in  a  coil  be  plotted  as  a  function 
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of  a  between  the  limits  a=  +-  and  a.  =  -^,  corresponding  to 
the  distance  between  two  adjacent  tappings,  curves  such  as  are 
shown  in  Figure  310,  will  be  obtained.  The  scale  of  ordinates  is  the 
same  for  all  curves,  but  the  abscissa  scale  is  different,  having  been  so 

chosen  that  the  length  of  the  base  line  in  each  case  represents  —  radians 
— i.e.  the  base  line  in  each  case  is  proportional  to  the  distance  between 
adjacent  tappings  to  the  slip  rings.  The  curves  exhibit  in  a  striking 
manner  the  rapid  decrease  in  the  total  rate  of  heat  production,  and  the 
increase  in  the  uniformity  of  the  heat  generated  in  the  various  coils  as 
the  number  of  slip  rings  is  increased.  When  the  power  factor  is  less 
than  unity  the  coils  in  which  the  maximum  heat  is  generated  will 
not  correspond  to  those  directly  connected  to  the  slip  rings,  but, 
according  to  the  angle  of  lag  ^j,  will  be  somewhere  intermediate 
between  two  tapping  points.  • 

Since  1/2  is  the  magnitude  of  the  current  in  each  armature  coil  of  a 
D.C  generator  giving  the  same  output  as  the  converter  under  consider- 
ation, the  ratio  of  the  PR  loss  in  any  coil  of  the  latter  to  that  in  the 
corresponding  coil  of  the  generator,  and  thus  the  ratio  of  coil  heating, 

16  H.  cos  (a  +  ^i) 


If  this  expression  be  integrated  between  the  limits  o'^  +~   and  a  = 

— , — i.e.,  over  the  whole  phase  or  section  *i  x^  and  divided  by  the 

base  — ,  there  will  then  be  obtained  the  ratio  between  the  total  copper 
loss  in  the  armature  winding  of  a  converter  with  m  slip  rings,  and  that 
in  a  similar  machine  when  giving  the  same  output  as  a  D.C.  generator. 
The  relative  armature  heating  is  therefore  given  by  the  expression 


^ 

r  =  ,i.db,G00glc 


(■■») 

«/"  sin'  — 
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Hence,  if  R.  denotes  the  ohmic  resistance  of  the  winding  from  the 
D.C  side,  the  PR  loss  in  the  armature  of  a  converter  is 

W„=  i8I*R„ (ijo) 

whilst  the  voltage  drop  in  the  windings  due  to  the  ohmic  resistance 

-^/^-  IR- (">) 

If  the  PR  loss,  and  consequently  the  heating  in  the  armature  winding, 
is  made  the  same  as  in  the  corresponding  D.C.  generator,  the  current 
from  the  converter,  and  hence  the  output,  can  be  increased  in  the  ratio 
i/  ^^.     Hence 


The  value  of  ft  4^,  and  —j=.  have  been  calculated  and  set  forth  in  the 
following  table  for  three  typical  cases ;  namely : 

(J)  i- 1.04  i-0.3 

Wi.i.04  k-o.i 


.  -Tf. 


Number  of  Phases. 


>ne. 

Three. 

Four. 

18 

0.57 

0,18 

17 

«S 

1.33 

i.t>3 

66 

0.71 

0-49 

>q 

0.84 

0.70 

77 

1. 18 

1.43 

00 

0.9 

0.6s 

40 

0.9s 

71 

I.os 

i.i3 

p=..i 


From  the  values  of  1/  J^  given  in  the  above  table  it  will  be  seen  that 
the  rating  of  a  given  armature  when  employed  as  a  converter  increases 
rapidly  as  the  number  of  slip  rings  are  increased,  3-phase  and  6- 
phase  converters  whsn  supplied  with  current  at  unity  power  factor 
giving  respectively  33  and  93  per  cent,  greater  output  than  the 
corresponding  D.C  generator.  On  account  of  their  small  output 
arising  from  the  excessive  heating  of  those  conductors  near  to  the  slip 
28 
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rings,  and  also  on  account  of  their  inferior  commutating  properties, 
single-phase  converters  are  seldom  employed  in  practice,  motor 
generators  being  used  instead.  In  the  early  days  of  electric  traction, 
rotary  converters  were  nearly  always  operated  as  3-phasers,  but  in 
more  recent  practice  4-  and  6-phase  rotaries  predominate.  The 
Former  are  generally  supplied  through  step-down  transformers  from  a 
3-phase  transmission  system,  and  the  adoption  of  6-phase  converters 
is  rendered  possible  by  the  use  of  3-  to  6-phaEe  transformers, 
mentioned  on  page  135. 

In  Figure  311  the  values  of  ;3,  as  obtained  for  various  converters  from 
equation  119,  have  been  plotted  as  a  function  of  the  wattless  current 
expressed  as  a  fraction   of  the  energy  current  input     As   the  heat- 
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It  (A  =  1.04). 


ing  of  the  armature  is  directly  proportional  to  /3,  these  curves  indicate 
the  rapid  increase  in  heating  that  occurs  with  increasing  phase  dis- 
placement, and  draw  attention  to  the  necessity  for  keeping  the  power 
factor  at  full-load  as  near  unity  as  possible.  In  the  case  of  compound 
converters  this  means  that  the  shunt  excitation  should  be  adjusted  to 
give  a  considerable  lagging  current  at  no-!oad,  so  that  the  current  may 
come  into  phase  with  the  voltage  when  full-load  or  nearly  full-load  is 
reached.  The  adjustment  of  the  converter  field  for  minimum  current 
at  no-load  is  therefore  to  be  avoided,  as  this  will  give  a  considerable 
leading  current  at  full-load,  and,  as  a  consequence,  unnecessary  heating 
of  the  armature. 

Armature  Winding^s. — Though  the  preceding  theory  has  been 
discussed  with  reference  to  a  ring-wound  armature,  drum  windings  are 
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always  employed  in  practice,  and  Co  these  the  conclusions  arrived  at 
above  are  equally  applicable.  In  a  rotary  converter  armature  the 
conductors  are  joined  up  to  the  commutator  segments  exactly  as  for 
any  ordinary  D.C-  dynamo,  and  on  the  alternating  current  side  sections 
of  the  same  phase  are  connected  between  the  same  pair  of  collector 
rings.  When  the  converter  is  to  be  rated  at  loo  K.W.  or  less,  the 
armature  can  be  wound  for  two  circuits  independent  of  the  number  of 
poles,  i.e.  wave  wound,  but  in  a  machine  for  larger  outputs,  multiple- 
circuit  or  lap  windings  should  be  adopted.  With  an  wi-slip  ring  con- 
verter the  armature  winding,  when  wound  with  two  circuits,  should  be 
tapped  in  m-equi distant  points  and  each  tapping  connected  to  a  slip 
rit^.  In  a  tap-wound  armature  having  /  pairs  of  poles  the  armature 
requires   to   be  tapped    in    mp   equidistant   points,   and   those   taps 

whose  angular  distance  from  one  another  =  ^—    space  degrees  joined 

P 
to  the  same  collector  ring,  thus  connecting  all  sections  of  the  same 
phase  in  parallel.    Since  the  rules  for  carrying  out  the  windings  will 
be  the  same  as  for  the  windings  of  D,C.  generators,  it  should  here  be 
sufficient  to  give  only  a  few  typical  examples. 

Single- Phase. — To  make  a  2-circuit  or  wave  winding  suitable  for  a 
single-phase  converter  it  is  necessary  to  tap  the  winding  in  two  points, 


Fig  312.— Two -circuit  4-pole  armalure  winding  lapped  for  single-phase, 
46  conductors- 
each  point  being  connected  to  a  slip  ting.  Consider,  for  instance, 
the  2-circuit  winding  shown  in  Figure  312,  which  has  4  poles,  46 
conductors,  and  front  and  rear  pitches  =  ri,  the  winding  is  tapped 
at  any  point  A  to  one  slip  ring,  and  then  after  tracing  round  one-half 
of  the  conductors  a  tap  is  taken  out  at  the  point  B  to  the  Other 
collector  ring.  Figure  313  illustrates  how  a  4-pole  multiple-circuit 
winding  having  48  conductors  should  be  connected  up  as  a  single- 
phase  converter.     From  the  rule  given  above  a  multiple-circuit  winding 
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must  have  one  tapping  to  each  slip  ring  per  pair  of  poles, — Le.  in  the 
case  considered  there  will  be  4  equidistant  tappings,  as  at  A„  B„ 
Aj  and  Bj.  The  winding  is  thus  divided  into  4  equal  sections  of  u 
inductors  each.  Since  the  points  marked  A,  and  A^  should  be  at 
the  same  potential,  they  are  connected  to  one  slip  ring,  and  the  other 
points  Bj  and  B^  joined  to  the  second  shp  ring. 


?~]C.  313. — Multiple  circuit  4-pole  acniatuie  winding  tapped  for  single-phase, 
48  conductors. 

Three -Phase. — For    a     3-phase     rotary     having     a     a-circuit 

winding  the  armature  will  be  divided  into  3  equal  sections,  and 
each  of  the  3  points  A,  B  and  C  tapped  to  a  slip  ring  as  shown  in 
Figure  314,  which  represents  a  4-pole  winding  having  54  conductor 
and  a  mean  winding  pitch  =  i3.  The  3  phases  of  the  winding  are 
distinguished  by  the  colours  black,  red,  and  blue.  For  a  3-phase 
multiple-circuit  winding  there  will  be  3  sections  per  pair  of  poles. 
Thus  a  6-pole  machine  with  a  lap-wound  armature  will  have  3x3  =  9 
sections.  To  tap  such  a  winding  for  3-phase,  leads  are  taken  out 
to  the  collector  rings  at  equal  ninths  through  the  armature  from 
beginning  to  end,  3  leads  spaced  120  degrees  apart  being  connected 
to  each  slip  ring.  A  6-pole  multiple-circuit  winding  having  72  con- 
ductors is  shown  developed  in  Figure  315,  where  the  portion  of  the 
winding  corresponding  to  one  pair  of  poles  is  divided  into  3  sections 
and  taps  are  taken  out  at  the  junctions  of  these  sections,  thus  giving  9 
taps  in  all. 

Six-Phase. — Figure  316  is  the  same  winding  diagram  as  Figure 
3 1  s,  except  thai  the  connections  on  the  A.C.  side  are  made  for  6_ 
phases.  The  winding  has  now  to  be  divided  into  twice  as  many 
sections  as  for  a  3-pha.se  converter;  for  instance,  in  Figure  316 
there  will  be  18  tapping  points  as  compared  with  9  in  Figure  315. 
Though    generally   referred   to   as   6-phase,    this   winding   is   really    a 
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special  case  of  the  3  phase  arrangements  previously  examined.  A 
study  of  Figure  316  shows  that  with  6  sections  the  first  and  second, 
the  third  and  fourth,  and  fifth  and  sixth,  taken  in  pairs,  give  a  distribu- 
tion of  the  conductors  suitable  for  a  3-phase  winding,  each  of  the 
above  pairs  constituting  a  phase. 

Four-Phase.— In  Figure  31 7  there  is  developed  a  6-pole  multiple 
circuit  winding  tapped  to  form  a  4'phase  converter.  In  this  case 
the  winding  covered  by  one  pair  of  poles  is  divided  into  4  sections, 
i.t.  there  are  -  x  4  =  1  z  tappings.  All  4-phase  windings  are  character- 
ised by  having  the  conductors  of  each  phase  spread  over  an  arc 
equal  to  50  per  cent,  of  the  pole  pitch.  Sections  i  and  3,  and  also 
2  and  4,  are  really  in  the  same  phase,  and  for  this  reason  windings  such 
as  above  are  sometimes  referred  to  as  aphase. 

Breadth  Factor  k^  for  Converter  Windings. — In  the  case 
of  a  single-phase  converter  the  conductors  belonging  to  any  one  phase 
are  distributed  over  one-half  of  the  armature  periphery,  and  the  breadth 
factor  k^  will  then  have  the  same  value  as  for  the  armature  winding 
of  a  single-phase  alternator  with  all  the  slots  wound.  For  4-  and 
6-phase  converters  the  conductors  of  each  phase  are  respectively 
distributed  over  one-half  and  one-third  the  periphery ;  hence  the  breadth 
factors  will  have  the  same  values  as  given  in  Table  XVI.  for  2-  and 
3-phase  windings.  An  inspection  of  Figures  314  and  3r5  will 
show  that  in  a  3-phase  converter  the  conductors  of  the  various 
phases  overlap  each  other,  with  the  result  that  any  portion  of  the 
armature  winding  carries  conductors  belonging  to  two  phases.  At 
one  portion  the  conductors  will  belong  alternately  to  phases  1  and  2, 
then  to  2  and  3,  and  then  3  and  i,  then  again  1  and  2,  the  repetition 
occurring  once  per  pair  of  poles.  As  a  consequence  of  this  the 
conductors  of  one  phase  are  distributed  over  two-thirds  of  the  entire 
periphery  and  the  breadth  factor  will  then  be  less  than  for  a  3-phaBe 
alternator  winding  spread  over  one-third  the  periphery.  With  a  sinu- 
soidal field  distribution  or  a  pole  arc  ^  =  0.7,  and  a  winding  distributed 
in  several  slots  per  pole  per  phase,  the  values  of  the  breadth  factor  k^ 
for  3-,  4",  and  6-phase  windings  Will  be  as  follows  : — 

Three-phase ^3=0.83 

Four-phase ij  =  0.901 

Six-phase *a  =  0.956 

Armature  Reaction. — The  armature  reaction  of  a  rotary 
converter  is  the  resultant  of  two  reactions;  namely,  the  reactions  as 
(i)  a  direct-current  dynamo  and  (3)  a  synchronous  motor.  Supposing 
the  commutator  brushes  to  be  set  with  neither  lead  nor  lag,  so  that 
the, armature  coils  undergo  commutation  when  their  conductors  are 
midway  between  poles,  the  armature  reaction  due  to  the  direct  current 
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will  then  be  entirely  cross-magnetising.  If  the  cross  M.M.F.  be 
plotted  as  a  function  of  the  armature  periphery  the  stepped  curve 
AA  of  Figure  318  will  be  obtained,  the  M.M.F.  being  zero  under  the 
middle  of  the  pole  and  reaching  a  maximum  under  the  centre  of  the 
interpolar  space.  That  is,  the  cross  magnetomotive  force  due  to  the 
direct  current  may  be  considered  as  l^ging  one-fourth  of  a  period 
behind  the  main  field.  If  T  denote  the  number  of  armature  turns 
per  pole,  and  I  the  value  of  the  direct-cuirent  output,  then,  assuming 
a  2-pote  2-circuit  armalure,  the  amplitude  value  of  the  curve  AA 
will  be 

Ai=  -  ,     =0.25  I .  T  amp^re-tutns. 

With  the  large  number  of  slots  per  pole  common  to  rotary  converters 
the  stepped   curve  of   magnetomotive    force  will  deviate  very  little 


Fio.  318.— Armature  reaction  Ir 

Cross  M.M.F.  dul  to  direct  CI 


from  a  sine  curve,  and,  for  the  present  discussion,  can  be  considered  as 
replaced  by  the  sine  curve  BB  having  an  amplitude  =  Aj. 

In  a  polyphase  converter  the  alternating  current  circulating  in  the 
armature  winding  gives  rise  to  a  rotating  magnetomotive  force  which, 
since  the  armature  rotates  at  synchronism,  will  remain  stationary  in 
space.  The  curve  showing  the  variation  of  M.M.F.  along  the  air-gap 
will  be  of  rectangular  shape,  as  explained  on  page  264  ,  and  if  analysed 
into  its  harmonics  the  fundamental  will  be  by  far  the  most  important 
and  the  only  one  that  need  be  considered.  For  the  general  case 
where  the  alternating  current  has  a  phase  difference  0,  with  respect  to 
the  induced  E.M.F.,  this  fundamental  wave  of  M.M.F.  should  be 
resolved  into  two  components:  one  component,  due  to  the  wattless 
current  I,  sin  i^^,  which  either  magnetises  or  demagnetises  the  main 
field  according  as  the  current  lags  or  leads;  the  second  component, 
due  to  the  energy  current  !„  cos  0,,  which  sets  up  a  cross  m^netic 
field.  The  M.M.F.  due  to  the  energy  component  of  the  current  will, 
for  a  motor,  be  a  quarter  of  a  period  ahead  of  the  main  field,  as  shown 
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by  the  curve  C  C  in  Figure  318,  and  is  directly  opposed  to  the  cross 
M.M.F.  of  the  generated  current.  From  page  370  the  amplitude  value 
of  the  curve  C  C  is 

Aij  =  o.45  ig  ■  »'  ■  Tj .  I,  cos  ^1 
where  k^  —  breadth  factor  of  the  winding 
nt  =  number  of  phases 

T, "  turns  per  pair  of  pole  per  phase  =  -  - 
mp 
I.  =  armature  current  per  phase. 
la  cos  0,  denotes  the  energy  current  per  phase,  the  values  of  which 
for  a  direct  current=  t  and  100  per  cent,  efficiency  are  set  forth  in  the 
last  line  of  Table  XXIX.   page  4^4.     Inserting-  these  values  in  the 
equation  for  Ag,  and  multiplying  by  1.04   to  allow  for  a  4  per  cent, 
loss  due  to  hysteresis,  eddy  currents,  friction,  and  excitation,  there  is 
obtained  the  following  data ; — 


15  IT  0.215  IT 


The  amplitude  values  of  the  cross  M.M.F.  waves  due  to  the  direct 
and  alternating  currents  are  therefore  almost  equal,  and  since  the 
two  M.M.F.  waves  are  in  phase  opposition  the  armature  reaction  of 
the  direct  current  is  practically  neutralised  by  the  armature  reaction 
of  the  corresponding  alternating  current.  The  field  distortion  in  a 
polyphase  converter  will  therefore  be  quite  negligible,  and  this  explains 
why  these  machines  can  be  operated  from  no-load  to  a  considerable 
overload  with  the  brushes  fixed  in  that  position  which  commutates  the 
current  in  a  coil  when  it  is  in  the  middle  of  the  interpolar  space. 

The  nature  of  the  armature  reaction  in  a  single-phase  converter  is 
somewhat  different  from  that  described  above.  For,  at  the  moment 
when  the  alternating  current  is  zero,  the  full  direct  current  exists  \  and 
at  the  moment  when  the  alternating  current  is  a  maximum  the  reaction 
is  the  difference  between  that  of  the  alternating  and  the  direct  current. 
Since  the  maximum  alternating  current  equals  twice  the  direct  current, 
at  that  moment  the  resultant  armature  reaction  is  opposite  and  nearly 
equal  to  the  direct-current  reaction.  The  cross  M.M.F.  of  asingle-phase 
converter  therefore  oscillates  with  twice  the  frequency  of  the  current, 
the  maximum  value  being  the  same  as  that  in  a  direct-current 
generator  of  the  same  output.  Since  this  oscillating  M.M.F.  is  in 
quadrature  with  the  field  excitation,  it  strives  to  distort  the  main  llux 
in  the  direction  of  rotation,  and  this  tends  to  produce  sparking. 
Though  this  oscillating  reaction  is  somewhat  reduced  by  the  damping 
effect  of  eddy  currents  set  up  in  the  pole  face  and  other  solid  metal 
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parts,  the  commutation  of  a  single-phase  converter  is  not  so  good  as 
in  a  polyphase  machine  operated  under  similar  conditions,  and  this  is 
another  reason  why  its  application  is  so  limited.  When  single-phase 
converters  are  used  they  must  either  have  their  brushes  fixed  with  a 
certain  amount  of  lead  or  else  have  commutation  pales  fitted  between 
the  main  poles.  In  the  former  case  the  direct-current  amp^re-tums 
embraced  by  twice  the  angle  of  lead  of  the  brushes  act  as  a 
demagnetising  armature  reaction,  so  that  the  field  excitation  requires 
to  be  correspondingly  increased. 

With  a  direct- current  generator  of  given  field  strength  the  armature 
reaction  is  hmited  by  the  field  distortion  caused  thereby,  but  with  a 
polyphase  converter  this  limitation  does  not  exist  and  a  much  greater 
armature  reaction,  as  compared  with  a  direct- current  machine,  is 
therefore  permissible.  Since  the  heating  is  relatively  low  and  the 
distortion  of  the  field,  which  causes  sparking  under  overloads  in  a 
D.C,  generator,  is  negligible,  the  practical  limit  of  overload  will  be  much 
higher  for  a  given  machine  when  used  as  a  converter  than  when 
used  as  a  direct- current  generator.  With  a  rotary  converter  the 
theoretical  limit  of  overload — that  is,  the  overload  at  which  the 
converter  as  a  synchronous  motor  is  pulled  out  of  step  and  comes  to 
rest— is  for  normal  frequency  and  impressed  voltage  usually  much  in 
excess  of  the  limit  set  by  commutation  and  thermal  considerations. 
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CHAPTER  XIV. 

ROTARY  CONVERTERS— VOLTAGE   REGULATION,  LOSSES, 
HEATING,  AND  EFFICIENCY. 

In  addition  to  the  difference  already  mentioned  between  a  direct 
current  dynamo  and  a  rotary  converter  as  r^ards  loading,  the  latter 
has  the  further  peculiarity  that  change  of  field  strength  does  not  alter 
to  any  appreciable  extent  the  ratio  of  alternating  and  direct  voltages. 
Thus,  although  the  D.C  voltage  will  alter  slightly  with  change  of  load, 
it  cannot  be  corrected  by  merely  shifting  the  field  regulator,  nor  can  the 
converter  be  overcompounded  for  traction  work  by  merely  putting 
series  coils  on  the  field. 

Variation  of  D.C.  Volts  with  the  Load.— As  previously 
mentioned,  the  voltage  ratios  given  in  Table  XXIX.  have,  in  a  loaded 
converter,  to  be  corrected  to  allow  for  the  voltage  that  is  expended 
in  overcoming  the  resistance  of  the  armature  winding  and  also  brush 
contacts.  In  virtue  of  this  IR  drop,  which  will  increase  in  direct 
proportion  to  the  load,  the  ratio  between  the  slip  ring  voltage  and 
that  at  the  D.C.  terminals  will  increase  as  the  load  comes  on  the 
machine.  If  it  be  assumed  that  the  potential  over  the  commutator 
is  distributed  according  to  a  sine  law,  and  that  the  commutator 
brushes  stand  in  the  neutral  zone, — i.e.  at  the  Eero  of  the  potential 
curve, — then,  for  a  constant  slip  ring  pressure  of  E,  volts,  the 
terminal  voltage  on  the  D.C.  side,  when  the  converter  is  on  open 
circuit,  will  be 


When  the  converter  is  loaded  the  current  passing  through  the  armature 
causes  a  mean  voltage  drop  in  the  armature  winding  of  Jp .  IR^  volts, 
together  with  a  corresponding  drop  under  the  brushes  of  A?  volts. 
In  a  loaded  converter  the  terminal  voltage  on  the  D.C.  side  will  then 
be  given  by 

E="^'-  V^-IR.-'i^ ("3) 
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where  ^e,  for  the  brushes  of  both  polarity  taken  together,  ranges  from 
1-5  to  2.5  volts,  according  to  the  quality  oF  the  carbons.  Since  the 
second  and  third  terms  in  the  above  equation  for  E  must  necessarily 
be  small  in  comparison  with  the  first  term.  It  will  be  obvious  that  the 
alteration  of  the  D.C,  terminal  volts  from  no-load  to  full-load  will 
be  small,  only  amounting  to  about  z  pet  cent,  of  £. 

Voltage  Regrulation.  —  Since,  for  a  given  applied  alternating 
pressure  E„  the  direct  voltage  E  between  the  brushes  of  the 
commutator  has  (see  equation  133)  a  definite  value  independent  of 
the  field  excitation  except  for  the  variation  of  j8  which  makes  a  very 
small  difference,  it  follows  that  the  voltage  regulation  on  the  D.C  aide 
of  a  converter  cannot  be  effected  by  merely  altering  the  strength  of  the 
field  current,  as  would  be  the  case  in  an  ordinary  D.C.  generator. 
Any  increase  or  decrease  of  excitation, — other  things  remaining  constant 
— simply  causes  the  current  to  lead  ot  lag  accordingly.  Hence,  in 
order  to  regulate  the  voltage  on  the  D.C.  side  of  a  rotary  converter, 
either  the  A.C.  volts  applied  to  the  slip  rings  must  be  varied  or  the 
D.C.  volts  must  be  altered  by  means  of  a  direct-current  booster 
suitably  excited.  The  regulation  of  the  pressure  on  the  D.C.  side 
is  invariably  accomplished  by  one  or  other  of  four  methods. 

The  first  method  consists  in  varying  by  hand  the  voltage  impressed 
upon  the  slip  rings,  and  can  t>e  employed  in  two  ways, — either  the 
impressed  volt^e  may  be  varied  by  altering  the  ratio  of  transformation 
of  the  step-down  transformers,  or  it  may  be  varied  by  means  of 
an  "induction  r^ulator,"  the  prindple  of  which  has  been  described 
on  p.  142.  In  the  first  case,  the  step-down  transformers  are  arranged 
in  conjunction  with  a  multiple  contact  switch,  so  that  either  the 
number  of  secondary  turns  or  the  number  of  primary  turns  can 
be  altered  by  hand,  thus  varying  the  ratio  of  transformation.  This 
method  has  several  inherent  drawbacks,  the  most  important  being 
those  of  first  cost  and  difhculty  of  operation.  If  the  regulation  be 
performed  on  the  primaries,  the  switches,  on  account  of  the  h^h 
pressure  of  the  circuits  into  which  they  are  connected,  become  some- 
what difficult  and  expensive  to  construct;  while,  if  the  regulation  be 
performed  on  the  secondary  side,  the  expense  becomes  even  greater, 
on  account  of  the  heavy  currents  to  be  controlled,  and  further,  the 
difficulties  which  arise  with  the  contact  surfaces  of  all  regulating 
switches  for  heavy  currents  must  also  be  considered.  In  addition, 
there  is  the  difliculty  of  arranging  such  switches  to  regulate  gradually, 
and  to  avoid  short-circuiting  the  sections  of  the  transformer  winding 
connected  to  the  contacts  of  the  regulator  as  these  sections  are  being 
cut  in  or  out.  Consequently  the  employment  of  an  induction 
regulator,  which  does  not  ]K>ssess  any  of  the  above-mentioned  defects, 
and  which  may  be  designed  with  a  comparatively  small  loss,  will  give 
the  best  results  if  hand  regulation  of  the  converters  is  desired,      in 
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order  to  avoid  difficulties  connected  with  insulation,  induction 
regulators  should  preferably  be  worked  from  the  secondaries  of  the 
step -down  transformers. 

The  second  method  also  varies  the  voltage  impressed  upon  the 
slip  rings,  but  in  this  case  use  is  made  of  choking  coils  and  a  compound 
winding  on  the  converter  tield,  thus  rendering  the  regulation  entirely 
automatic.  The  compound  wiiidlng  of  the  converter  causes  the 
field  strength  to  automatically  increase  with  the  load ;  but  this, 
as  already  staled,  will  not  be  accompanied  by  any  rise  of  voltage  on 
the  D.C.  side  unless  there  is  a  corresponding  rise  in  the  voltage  across 
the  slip  rings.  In  order  to  increase  the  voltage  at  the  slip  rings  as 
the  load  increases,  a  certain  amount  of  reactance  must  be  inserted 
between  the  slip  rings  and  the  secondary  terminals  of  the  transformer. 
As  a  rule,  this  reactance  is  obtained  from  choking  coils  connected 
in  series  with  each  phase  of  the  converter,  but 
the  equivalent  reactance  could  also  be  obtained  by 
designing  the  step-down  transformers  with  a  much 
larger  magnetic  leakage  than  is  usual  in  standard 
practice.  The  technical  data  of  a  transformer 
designed  with  this  end  in  view  is  given  on  p.  183, 
the  regulation  at  0.8  power  factor  being  11. 5 
percent. 

As  already  shown,  rotary  converters  operate  at 
a  power  factor  which  is  determined  wholly  by  the 
field  excitation ;  for,  any  alteration  of  the  latter  with 
a  given  load  on  the  machine  increases  or  decreases 
the  power  factor  on  the  AC.  side.  For  each  load 
on  the  rotary  there  is  a  certain  excitation  which  will 
make  the  power  factor  a  maximum  and  the  arma-  Fig.  319. 

ture  current  a  minimum.     ' 

Now,  suppose  the  shunt  excitation  of  a  rotary  converter,  which  is 
arranged  with  a  compound  winding  and,  if  necessary,  with  choking 
coils  in  series  between  the  transformers  and  the  slip  rings,  be  so 
adjusted  that  when  operating  at  no-load  the  machine  takes  a  certain 
amount  of  lagging  current  partly  due  to  under-excitation  and  partly  due 
to  the  reactance  in  each  phase,  then  the  vector  diagram  for  such  a 
condition  of  working  will  be  as  in  Figure  319,  If  OE,  represent 
the  P.D.  at  the  slip  rings,  then  the  alternating  current  input  01,  will 
lag  behind  OE,  by  some  angle  0.  The  current  01,  in  passing  through 
the  choking  coil  sets  up  a  reactance  voltage  which  will  be  in  quadrature 
with  0I„  and  in  the  diagram  is  represented  by  E,Ef  The  voltage 
required  at  the  secondary  terminals  of  the  transformers  will  then  be 
given  by  the  resultant  of  OE,  and  E,E„ — i.e.,  by  OE^  Now,  supposing 
the  transformer  voltage  OE,  to  remain  constant,  then  as  the  load 
increases  the  field  is  strengthened  and  the  current  comes  more  nearly 
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into  phase  with  the  slip  ring  voltage  E„  until  when,  as  in  Figure  320, 
coincidence  of  phase    is  reached  and  OE,  is   of  greater  magnitude 
than  the  corresponding  vector  in   Figure  319.     Any  further  increase 
of  load  wii!  over-excite  the  converter  to  such  an  ex- 
tent that  the  current  now  leads  with  respect  to  the 
slip  ring  voltage  (see  Figure  321),  which  at  the  same 
time  increases  in  magnitude.      Hence,  by  suitably 
.   proportioning  the.  amount  of  self-induction  in  the 
choking  coils  and  the  number  of  turns  on  the  field 
coils,  the  voltage  across  the  slip  rings  will  automatic- 
ally increase  with  the  load,  and  thus  give  various 
amounts  of  over-compounding  up  to  about   10' or 
15  per  cent.,  the  regulation  being  nearly  as  good  as 
with  an  ordinary  over -compounded  direct  -  current 
dynamo.     With  a  rotary  converter  of  standard  des^ 
the  change  of  field  flux  necessary  in  order  to  get  the 
Kig.  320.  desired  amount  of  over- com  pounding  is  much  greater 

than  is  required  with  the  equivalent  direct-current 
machine ;  for  the  D.C.  voltage  is  not  proportional  to  the  field  flux, 
but  proportional  to  the  impressed  pressure  on  the  slip  rings.  The 
only  objection  to  this  method  of  regulation  is  that  the  continual 
changing  of  the  power  factor  of  the  alternating- current  supply  renders 
the  maintenance  of  constant  pressure  at  the  receiving  and  of  the 
transmission  line  exceedingly  diflficult.  Experience  shows  that  good 
results  can  be  obtained  by  adjusting 
the  shunt  excitation  at  no-load  to 
such  a  value  as  will  make  the  arma- 
ture cunent  a  lading  one,  and 
equal  to  about  30  or  40  per  cent, 
of  the  full-load  cunent.  As  the 
machine  becomes  loaded  the  power 
foctor  improves,  reaching  unity  at 
about  three-quarters  full-load,  while 
for  still  greater  loads  the  armature 
current  will  lead  with  respect  to 
the  applied  E,M.F.  j 

The  third  method  regulates  the 
voltage  by  means  of  a  synchronous 
booster  inserted   between   the  col-  fig.  321- 

lecter    rings    and     the     converter 

armature.  The  booster  is,  in  fact,  a  small  alternating  current  generator 
with  a  revolving  armature  keyed  to  the  converter  shaft,  and  wound 
for  the  same  number  of  phases  as  the  converter.  The  stationary 
field  system  will  have  the  same  number  of  poles  as  the  converter,  and 
will  in  general  be  excited  by  either  the  main  cunent  of  the  converter 
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or  a  current  proportional  to  the  output  The  E.M.F.  induced  in  the 
armature  of  the  auxiliary  machine  will  thus  be  zero  at  no-load,  and  wilt 
increase  in  direct  proportion  to  the  load,  adding  itself  to  the  A.C. 
voltage  applied  between  the  tapping  points  on  the  armature.  This 
arrangement  does  not  require  any  additional  slip  rings  or  switches ;  and 
further,  the  voltage  is  regulated  independently  of  the  wattless  current. 
The  drawings  of  a  700-K.W.  converter  in  which  this  method  of  voltage 
regulation  is  adopted  are  given  in  Plate  XVI. 

The  fourth  method  of  voltage  regulation  is  carried  out  by  means  of 
a  small  direct-current  booster  connected  in  series  with  the  D.C-  leads, 
and  having  its  field  coils  wound  for  series  excitation.  The  booster  in 
question  could  either  be  direct  coupled  to  the  shaft  of  the  converter  or 
driven  by  a  constant  speed  motor.  Since  the  cunent  passing  through 
the  booster  is  the  same  as  that  supplied  by  the  converter,  the  com- 
mutator for  the  booster  will  be  about  as  large  as  that  for  the  converter, 
and  the  resultant  heavy  initial  cost  places  this  method  of  regulation 
somewhat  at  a  disadvantage. 

Of  the  four  methods  just  described  that  best  adapted  for  the 
requirements  of  lighting  work  is  the  one  which  involves  the  employment 
of  induction  regulators,  thereby  allowing  the  pressure  to  be  gradually 
varied  by  hand  in  accordance  with  the  slowly  varying  load.  For 
traction  work  the  employment  of  either  compound  windings  or  an  A.C. 
booster  is  to  be  preferred,  on  account  of  the  iai^e  range  of  regulation 
required  and  the  rapid  variations  of  the  load. 

Calculation  of  Wattless  Current,  Reactance  of  Choking 
Coils,  and  Series  Field  Turns  of  a  Compounded  Converter.— 
Refening  to  Figure  321,  OE,  represents  the  constant  voltage  E,  between 
the  secondary  terminals  of  the  step-down  transformer,  E,Ej  the  reactance 
voltage  =  Ijr„  induced  in  the  choking  coil  by  a  current  I,  from  the 
transformer  secondary  terminals  and  OE,  the  voltage  E,  between  any 
pair  of  slip  rings.  If  from  E,  there  be  drawn  a  perpendicular  meeting 
OE,  in  D,  then  DE,  represents  the  reactance  voltage  \^„  produced  by 
the  watt  component  I„  of  the  current  I,;  whilst  DE,=  I,»^„  is  the 
reactance  voltage  due  to  the  wattless  component  I,^  of  the  current. 
From  this  construction  there  is  obtained  the  equation 
OE,"  =  (OE,  -  DE,)»  -I-  DE,» 
,        U.,  e;  =  (E,  - 1„^„)»  -1- 1„«  r„» 

hence    E,=(E,- 
Expanding  the  square  root 

E,«E, -!„./•„ -^'-^^-p' (rz4) 

The  alteration  of  the  voltage  is  therefore 
(E,-E,)  =  I,«r„-' 


.IV_'^.'. 


2  E, 
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Let  E„  denote  the  voltage  between  slip  rings  at  no-load,  then,  if  the 
watt  current,  when  the  D.C.  side  is  on  open  circuit,  be  neglected,  there 
is  obtained 

(E„-E,)  =  Wn, 

where  1',^=  wattless  current  at  no  load 

If  it  be  desired  that  the  voltage  at  the  slip  rings  should  increase  by 
8E,  between  no-load  and  full-load,  then  the  increase  is  expressed  by 

SE,  =  E,-E„ 
Subtracting  the  two  above  equations, 


=81^.- '7  J; ("s) 

where  SI^=(I^-I^')  denotes  the  alteration  in  the  wattless  current 
between  no-load  and  full-load. 

From  equation  125  it  also  follows  that,  for  a  given  voltage  alteration 
SE,  and  reactance  r„  the  alteration  in  the  wattless  current  from  no-load 
to  full-load  is  expressed  by 


%i("^'+''-Er) <"" 


From  equation  (125)  it  will  be  seen  that  a  considerable  voltage 
variation  can  be  obtained  by  making  either  81,^  or  r„  fairly  large.  On 
account  of  the  adverse  effect  it  has  upon  the  overload  capacity  of  the 
converter  operating  as  a  synchronous  motor  it  is  not  advisable  to  give 
the  choking  coils  too  high  a  reactance ;  whilst,  on  the  other  hand,  SI,.; 
must  not  be  too  great,  because  of  the  increased  armature  heating  which 
would  follow.  This  limitation  in  the  permissible  values  of  r„  and 
8I„,  somewhat  restricts  the  voltage  variation  that  can  be  obtained  by 
this  method,  and  for  a  given  increase  8E,  the  values  of  SI„.  and  r„ 
decided  upon  must  be  a  compromise  between  two  conflicting  require- 
ments. In  general,  a  15  per  cent,  alteration  in  voltage  will  suffice  for 
most  practical  purposes,  and  if  the  alteration  of  the  wattless  current  be 
limited  to  50  per  cent  of  the  watt  current,  then 


that  is,  the  reactance  voltage  of  the  watt  current  will  amount  to  30  per 
cent,  of  the  slip-ring  voltage  E,. 

The  number  of  turns  required  for  the  series  field  winding  may  be 
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derived  by  the  following  procedure.  At  no-load  the.  direct  E.M.F. 
induced  in  converter  armature  is 

where  E,  =  direct  e.iii.f.  which  would  be  induced  at  no-load  with  no 
wattless,  current  \^  denotes  the  wattless  current  in  the  armature  at 
no-load,  and  r^  the  leakage  reactance  of  the  armature  winding  between 
two  slip  rings.  The  value  of  r,  would  be  calculated  in  a  similar  manner 
as  the  reactance  per  phase  in  an  alternator.  In  order  to  produce  the 
flux  which  corresponds  to  the  voltage  E^,  AT^j  ampfere-tums  must 
act  on  the  magnetic  circuit.     But  the  ampere-turns 


due  to  the  wattless  armature  current  will  assist  the  field  magnet  ampfere- 
tums,  since  the  wattless  current  at  no-load  will  be  a  lagging  one.  The 
ampfere-tums  to  be  produced  by  the  field  tnagnet  coil  at  no-load  are  then 
ATo=AToi-AT„ 
If  at  normal  full-load  the  D.C  terminal  volts  be  E,  and  the  wattless 
current  I^,  then  the  direct  E.M.F.  that  must  be  induced  in  the 
armature  winding  is 

E,-'E-i-I(V^K,+  R,)-t-A*-  Jtl^. 
where  R,  denotes  the  resistance  of  the  series  winding.     To  induce  this 
voltage,  AT]  ampere-turns   must  be   impressed   upon   the  m^netic 
circuit.     Now,  at  full-toad  the  wattless  current  I^  will  be  a  leading  one, 
so  ttiat  the  demagnetising  ampere-turns 

ATb,v=o-4S  V'  ■  Ti .  I,^.    --^- 

produced  thereby  must  be  added  to  AT,  in  order  to  obtain  the  total 
field  ampere-turns  AT  at  full  load, — i.e. 

AT  =  ATi-HATp„ 
In   the  equation   for  the    demagnetising    ampere-turns  the  wattless 
current  in  the  armature  at  load  =  I,.,  =  I„/  -  81^ 

The  shunt  winding  would  be  designed  so  that  at  no-load  it  supplies 
the  total  field  ampere-turns  required.  At  full-load  the  shunt  ampere- 
turns  will  have  increased  to  AT„ .  ^.so  that  the  series  winding  should 
be  designed  to  give 

AT,  =  AT -AT,-   ampere-turns, 

r=   izcJbyGoOglC 
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Hence  for  a  normal  full-load  current  of  1  amperes  the  number  of 
series  turns 

AT -AT. -I 

=  T,  = & 

I  ■('-») 

where  x  denotes  the  fraction  of  the  main  current  which  is  sent  through 
the  diverter  (if  any)  in  parallel  with  the  series  winding. 

The  Pulsation  in  the  D.C.  Voltage  of  a  Converter.— The 
terminal  voltage  on  the  direct-current  side  of  a  converter  is  never 
absolutely  uniform,  but  has  superposed  upon  it  an  alternating  voltage 
due  to  (i)  the  variable  voltage  drop  in  tbearmaturewinding,  and(i}  the 
higher  harmonics  of  armature  M.M.F.  If  the  diagram  of  a  single-, 
3-,  or  6-phase  converter  be  examined  it  will  readily  be  observed  that, 
when  the  tapping  points  of  one  phase  are  directly  under  the  commutator 
brushes,  the  current  will  pass  direct  from  slip  ring  to  commutator  brush. 
The  pressure  at  the  D.C  terminals  will  then  be 

E,  -  if  volts. 
For  any  other  position  of  the  tapping  points  with  respect  to  the 
brushes  the  terminal  voltage  will  be  less  than  this  by  an  amount 
represented  by  the  drop  of  potential  in  those  conductors  through  which 
the  alternating  current  passes  on  its  way  to  the  commutator.  When  a 
brush  is  mid-way  between  two  connecting  points  the  direct- current 
voltage  will  have  its  smallest  value,  because  for  this  position  the  watt 
current  converted  into  direct  current  has  to  take  the  longest  path 
through  the  armature  winding,  The  mean  volts  absorbed  in  the 
armature  resistance^IR  ^^  volts,  and  if  it  be  assumed  that  the  voltage 
drop  for  each  armature  position  varies  according  to  the  sine  law  the 
maximum  voltage  consumed  at  any  instant  in  the  armature  will  be 

'"-  1R.V(8  volts 

Now,  the  smallest  voltage  drop  is  zero ;  hence  the  pressure  fluctuation 
on  the  D.C.  side  due  to  the  changing  of  position  of  the  tapping  points 
relative  to  the  brushes  is  thus  =  -  IR,  ^^  volts,  the  period  of  pulsation 

being  m  times  greater  than  the  normal  frequency  of  the  converter. 
From  Table  XXXI.  page  433  it  will  be  seen  that  the  value  ^  diminishes 
rapidly  as  the  number  of  phases  are  increased,  and  in  multiphase 
converters  the  pulsation  of  voltage  from  this  source  is  reduced  to  an 
almost  negligible  amount  For  instance,  in  a  3-phase  converter  having 
a  drop  1R,=  2  per  cent,  of  the  terminal  voltage  the  fluctuation  in  the 
D.C.  volts  produced  by  the  different  positions  of  the  feeding  points 
relative  to  the  commutator  brushes  =  "^  ,  ^  .     '0.7 1  =  2.65  per  cent. 


'.t>(>t^lc 
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In  Chapter  VII  it  was  shown  that  the  fifth,  seventh,  and  eleventh 
harmonics  of  magnetomotive  force  set  upin  a  polyphase  armature  induced 
KM.F.'s  of  high  frequency  in  the  field  winding  and  solid  metal  parts 
surrounding  the  pole  pieces.  These  super  fields  also  induce  in  the 
armature  winding  E.M.F.'s  which  may  be  of  considerable  magnitude,  and 
in  the  case  of  rotary  converters  give  rise  to  large  fluctuations  in  the  D.C. 
voltage.  Pulsation  of  voltage  from  this  cause  will  be  most  noticeable 
in  single-phase  converters,  but  can  be  considerably  damped  by  the  eddy 
currents  induced  in  the  damping  coils.  Voltage  fluctuations  are  also 
made  to  occur  if  the  E.M.F.  wave  applied  to  the  slip  rings  deviates 
much  from  a  sinusoidal  curve ;  for  the  resultant  higher  harmonic 
currents  arising  in  the  converter  armature  set  Up  violent  field  pulsations, 
which  in  turn  produce  fluctuations  in  the  I}.C.  voltage. 

Losses. — The  losses  occurring  in  a  rotary  converter  are 

1.  Iron  loss  in  armature  core  and  teeth. 

2.  Armature  copper  loss. 

3.  Commutator  PR  loss. 

4.  Commutator  friction  loss. 

5.  Friction  and  I^R  loss  at  collector  rings. 

6.  Excitation  loss. 

7.  Bearing  friction  and  wind^e  losses. 

Losses  I,  6,  and  7  can  be  estimated  in  exactly  the  same  manner  as 
in  the  case  of  alternators,  and  the  excitation  loss  will  of  course  include 
the  power  expended  in  both  shunt  and  series  windings.  The  armature 
I'R  loss  is,  as  already  stated,  calculated  from  the  formula  y3PR„ 
where  R,  denotes  the  resistance  of  the  armature  if  the  converter  were 
used  as  a  D.C.  generator  giving  the  same  output.  The  resistance  R, 
is  determined  from  the  formula 

R  _    i.7.io-'^4.T(r  +  o.oo4r) 
qa 
where  /,■=  length  of  an  armature  turn  =  2L,+  2,5T. 
T  =  turns  in  series  per  circuit  between  +  and  -  brushes. 
T,  =  temperature  rise  of  winding  at  normal  load. 
a  =  crosS'Sectional  area  of  conductor. 
f  =  number  of  armature  circuits  in  parallel. 

The  fector  k  is  to  allow  for  the  increase  in  the  copper  loss 
resulting  from  the  eddy  current  induced  in  the  body  of  the  conductors 
by  the  flux  which  enters  the  core  through  the  slots,  and  also  by  the 
rotating  flux  set  up  by  the  harmonics  in  the  armature  M.M.F.  wave. 
In  a  polyphase  converter  the  values  of  k  range  from  about  1.3  in  a 
15  ~  machine  to  r.7  in  a  50 —  converter. 

Commutator  I^R  Loss. — Owing  to  the  belter  commutation 
results  and  greater  durability,  carbon   brushes  are  always  used  for 
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rotary  converters,  and  the  magnitude  of  the  I'B  loss  at  the  brush 
contacts  will  be  diiectly  proportional  to  the  specific  contact  resistance. 
For  a  commutator  peripheral  speed  between  14  and  18  metres  per 
second  the  contact  resistance  is  affected  by  the  mechanical  pressure 
on  the  brush,  the  current  density,  and  the  quality  of  the  carbon  from 
which  the  brushes  are  made.  Within  certain  limits  an  increase  of 
mechanical  pressure  lowers  the  resistance  of  contact  between  the  brush 
and  the  commutator,  the  reduction  in  the  l^R  loss,  however,  being 
accompanied  to  some  extent  by  an  increase  in  friction  loss.  When  the 
brush  pressure  is  increased  beyond  lao  grammes  per  cm.^  the  increase 
in  friction  loss  more  than  balances  the  decrease  in  I^R  loss.  Hence 
the  brushes  of  a  converter  are  invariably  adjusted  Co  a  standard  pres- 
sure of  from  0.1  to  0.13  kg.  per  cm.' 

With   a  given   brush  pressure  the  specific  contact  resistance  of 
carbon   brushes  de- 
creases   rapidly    as 
the   current  density 
S       ■  is     increased     from 

S-  I — I — 1[ — I — j — \ — I — I — I — I — rj — I — I  zero,  but  at  current 
densities  greater  than 
about  7  or  8  amperes 
per  cm,*  the  resist- 
ance approaches  a 
I — I — I— ^c  I  X.j^f..J — i — I — I — ! — I 
1 


value,  as  shown  by 
the  curves  in  Figure 
333.  This  pheno- 
menon is  due  partly 
to  the  fact  that 
carbon  has  a  nega- 
tive temperature  co- 
efficient of  resistance  by  virtue  of  which  its  resistance  falls  as  its 
temperature  rises.  When  the  current  density  is  increased,  any  rise  in 
temperature  of  the  brush  at  once  reduces  the  specific  contact  resistance, 
thereby  checking  the  increase  in  the  amount  of  power  expended  in 
*  heating  the  contact.  The  fall  of  resistance  with  increasing  current 
density  is  also  helped  by  the  small  carbon  particles  which  are  worn  off 
the  brushes,  especially  under  high-current  density,  when  a  blackenii^ 
of  the  commutator  surface  results.  A  more  efficient  contact  between 
brush  and  commutator  is  obtained  by  this  wearing  away  of  the  carbon, 
which  proceeds  rapidly  when  the  brush  is  heated  and,  becoming  softer, 
disintegrates  more  readily.  Experience  shows  that  the  current  density 
best  suited  for  converters  is  one  of  between  5  and  6  amperes  per  cm,' 

With  a  pressure  of  o.  r  kg.  per  cm.',  and  a  current  density  of  about 
5  amperes  per  cm.',  the  contact  resistance  varies  greatly  with  different 
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grades  of  carbon,  and  may  be  taken  as  tanging  from  o.i  ohm  in  brashes 
of  soft  quality  to  0.15  ohm  in  a  hard  quality.  In  Figure  323  curves 
are  given  for  the  loss  of  volts  over  two  sets  of  brushes  {i.e.  positive 
and  negative)  for  two  grades  of  carbon,  soft  carbon  brushes  being  used 
for  voltages  of  250  or  less.     If  A«  denotes  the  loss  of  volts  over  the 
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two  sets  of  brushes,  and  I  the  current  output  from  the  D.C.  sid^  then 
the  I*R  loss  at  the  commuUtor  is 

W„  =  A«  ,1  watts. 

Commutator  Friction  Loss.— The  power  wasted  due  to  friction 
between  the  brushes  and  the  rotating  commutator  is  expressed  by 
Wp-=  looPc  ■  1000  P. A .  fL  gramme  cms,  per  second, 
where    »,=surface  speed  of  commutator  in  metres  per  second, 
P  =  pressure  in  kgs.  per  cm^, 
A  » total  brush  contact  area  in  cms.^ 
/t=coeifident  of  friction. 

Since   I    gramme-centimetre    per    second -981   ergs  per  second 
—  981  X  10'^  watts,  the  brush  friction  loss  Is 

W^^=  100  Vc ,  1000  P .  A .  ^ .  981  X  10"^ 
=  9.81  ff,.P  .  A  ./x  watts. 
For  carbon  brushes  the  coefficient  of  friction  ^(^0.25. 
Collector  Ring  I'R  and  Friction  Loss.— Since  the  contact 
resistance  of  the  brushes  on  the  slip  rings  is  not  required  to  assist 
in  the  commutation  of  the  current  a  very  soft  quality  of  carbon  may 
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be  used  (see  F^ure  333).  If  A'e  denote  the  volts  drop  per  brash,  and 
I,  the  line  current,  then  the  watts  lost  in  brush  contact  resistance  is 
W„«=OT  A'e  I,  watts 
Owing  to  the  low-contact  resistance  used  it  is  permissible  to  worlc 
the  brushes  at  a  fairly  high  current  density,  usually  about  30  amperes 
per  cm.'  The  friction  loss  is,  of  course,  given  by  the  same  equation 
as  for  the  corresponding  commutator  loss,  namely, 

where  «- number  of  rings  and  A-area  of  contact  per  ring  andv,=> 
peripheral  speed  of  ring. 

Heatil^. — (r)  Armature.  The  temperature  rise  of  any  part  of 
a  rotary  converter  is  determined  on  the  same  principles  as  for 
alternators.  In  the  case  of  the  armature  the  highest  temperature  will 
arise  in  the  active  zone  of  the  armature  occu[)ied  by  the  teeth  and  the 
copper  lying  within  the  slots.     PR  toss  within  the  slots  is 

W,=  "J:'*.j8.I»R.  watts 

and  total  loss  coming  into  consideration  for  armature  heating  b 

where  W,  denotes  the  iron  loss  in  core  and  teeth.  If  A,  denotes  the 
armature  cooling  surface  as  outlined  in  Figure  350,  page  334,  the  tem- 
perature rise  of  the  armature  will  be 

W 
T/=K..  ,    .   "• . 

Aa(l+O.I»,) 

The  beating  coefficient  K,  will  have  a  value  ranging  from  ro  to  ii> 
according  to  the  constraction  of  the  armature.     (See  p.  334.) 

Commutator  and  Collector  Rings. — The  temperature  rise  of  these 
parts  b  calculated  from  the  formula 

T,°  =  K,  v-j — — ^  (for  commutator) 

and    T/  =  K,  — -  -  ■  *: — ~  (for  collector  rings) 
A^r  -f-o.r  Vr) 

where  W^»,  and  W,  denote  the  sum  of  the  I*R  and  friction  losses  at  the 

commutator  and  slip  rings  respectively.     The  value  to  be  assigned  to 

the  heating  coefficients  K,  and  K,  are 

Kc  =  i.o  to  3.1 

K,-o.9to  I.I 
Field  Magmtit  Coils. — If  W„  denote  the  sum  of  the  excitation 
losses,  W^  and  W„  and  A_  the  external  surface  of  coilSi  then  tempera- 
ture rise  of  field  winding  is 

A., 
where  the  value  of  the  heating  coefficient  ranges  from  3.5  to  4.0. 
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Efficiency. — On  account  of  the  relative  small  annature  copper 
loss  in  rotary  converters  their  efficiency  nill  be  somewhat  higher  than 
is  obtained  from  P.C.  generators  of  the  same  output.  The  curve  in 
Figure  334  gives  approximate  values  of  the  eiliciency  at  full  normal 
load  that  may  be  expected  from  polyphase  rotary  converters.  Of 
course,  in  considering  the  efficiency  of  the  whole  transforming  apparatus 
the  losses  in  the  step-down  transformers  must  also  be  taken  into 
account.  The  losses  and  efficiency  of  a  converter  are  determined  by 
exactly  the  same  tests  as  for  D.C.  machines.  The  only  point  that  need 
be  emphasised  is  that,  in  computing  the  armature  copper  losses,  the 
current  must  be  taken  as  ^/9  I,  and  not  equal  to  I. 
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Fig.  3*4. — Efficiency  of  polyphase  rotary  convertera. 


Starting:  of  Rotary  CODTerters. — A  rotary  converter  may  be 
run  up  to  synchronous  speed  from  either 

(r)  The  direct-current  side,  or 

(i)  The  alternating  current  side,  or 

(3)  By  an  auxiliary  motor  direct  coupled  to  the  armature  sha^ 
I.  Starting  from  the  D.C.  tide. — When  started  from  the  direct- 
current  side  the  converter  Is  brought  up  to  speed  by  operating  it  as 
a  shunt  motor,  the  usual  starting  resistance  being  inserted  in  the 
armature  circuit.  The  resistance  in  the  shunt  circuit  is  adjusted  until 
synchronous  speed  is  reached,  and  as  soon  as  equality  of  phase  and 
voltage  between  the  mains  and  converter  is  attained,  as  shown  by  the 
usual  phase  lamps  or  synchroscope  and  voltmeter,  the  switch  on  the 
A.C.  side  is  closed.  As  the  converter  would  in  general  have  to  be 
built  for  veiy  large  currents,  the  best  practice  is  to  avoid  any  switch 
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gear  between  it  and  the  transfoimeis,  and  on  this  account  the  switches 
are  usually  on  the  high-tension  side,  as  shown  in  F^re  ^25,  which 
gives  the  diagram  of  connections  for  a  3-pha5e  converter.  Ifnmediately 
synchronism  is  reached  the  main  oil  switch  between  the  transfonneis 
and  the  high- tension  feeders  should  be  closed. 

Starting  a  converter  by  this  method  has  the  disadvantage  that,  in 
the  case  of  rapidly  varying  loads,  sudi  as  occur  in  traction  systems, 
considerable  difEculty  may  be  experien<£d  in  synchronising  because  of 
the  continual  fluctuations  in  the  voltage  of  the  direct-current  side.  If 
the  converter  is  brought  up  to  the  proper  speed  from  the  D.C  side, 


Fig.  325. — Connections  for  3'phase 


be  Marted  fiom  D.C.  side. 


and  synchronised,  while  the  voltage  on  the  A,C  side  differs  somewhat 
from  the  voltage  of  the  mains,  then,  at  the  moment  of  closing  the  main 
switch,  a  large  rush  of  current  will  result  The  rotary  is  thus  forced  to 
convert  a  much  greater  alternating  current  bto  a  direct  current,  or 
vice  versa,  than  when  normally  loaded,  with  the  result  that  the  current 
may  be  sufficiently  large  to  open  the  circuit  breakers  or  set  up  a 
pressure  surge  in  the  feeders.  In  such  cases,  where  there  are  heavy 
fluctuations  in  the  load,  the  better  procedure  is  to  avoid  synchronising 
altogether,  and  run  the  converter  up  to  a  speed  slightly  above  syn- 
chronism and  then  open  the  switches  on  the  D.C.  side.  If  the  switches 
on  the  polyphase  side  be  then  immediately  closed,  thus  connecting  the 
armature  to  the  polyphase  supply,  the  machine  will  pull  itself  into 


ROTARY  CONVERTERS  455 

step,  when  of  course  the  D.C.  switches  can  again  be  dosed.  If  the 
pressure  of  the  direct-current  mains  fluctuates  very  little  from  its 
normal  valde,  the  starting  up  of  a  converter  from  the  D.C.  side  becomes 
an  exceedingly  simple  matter,  and  should  always  be  adopted  whenever 
possible.  In  cases  where  all  the  converters  may  at  any  time  be  shut 
down,  and  no  main  battery  is  used  in  connection  with  the  D.C.  mains, 
the  direct  current  for  starting  the  first  rotary  may  be  obtained  firom 
either  an  auxiliary  battery  or  a  small  induction  motor  generator  set, 
the  induction  motor  being  supplied  with  power  from  the  A.C.  mains. 

3.  Starting  from  the  A.C.  side. — This  method  of  starting  is  applic- 
able only  to  polyphase  rotaries,  and  consists  in  switching  the  alternating- 
current  supply  on  to  the  slip  rings.  The  polyphase  current  flowing 
through  the  armature  winding  sets  up  a  rotating  magnetic  field,  and  the 
torque  due  to  the  eddy  currents  in  the  solid  parts  of  the  pole  shoes  and 
hysteresis  in  the  iron  is  sufficient  to  start  the  armature  rotating  on 
the  principle  of  the  induction  motor,  with  the  difference  that  in  this 
case  the  primary  is  caused  to  revolve.  At  starting  the  E.M.F.  between 
the  commutator  brushes  is  alternating  with  a  frequency  proportional  to 
the  difference  between  the  armature  speed  and  that  of  synchronism. 
A  direct-current  voltmeter  or  incandescent  lamps  connected  across  the 
commutator  brushes  will  indicate  by  their  pulsations  the  approach  of 
the  converter  to  synchronism.  When  synchronism  is  approximately 
reached  the  field  circuit  is  then  closed,  and  the  armature  falls  into  step 
with  the  rotating  magnetic  field,  and  the  machine  runs  as  a  synchronous 
motor,  taking  its  no-load  current  from  the  mains.  This  method  of 
starting  has  the  disadvantage  that  the  polarity  of  the  D.C.  side  is  not 
definite,  but  depends  upon  the  moment  at  which  the  converter  comes 
into  synchronism.  In  order  to  obtain  the  right  polarity  it  is  best  to 
have  a  moving  coil  voltmeter  connected  across  the  D.C.  terminals,  the 
+  terminal  of  the  voltmeter  being  connected  to  the  +  of  the  con- 
verter. As  the  armature  approaches  the  synchronous  speed  the 
voltmeter  needle  begins  to  move  slowly  from  zero  to  far  over  the 
normal  position,  and  when  the  speed  is  almost  that  of  synchronism  the 
field  switch  should  be  closed  at  the  moment  the  voltmeter  pointer  is  at 
its  highest  reading.  The  converter  then  falls  into  step,  excites  itself 
and  has  the  proper  polarity.  The  main  switches  on  the  D.C.  side  can 
then  be  closed  and  the  load  put  on  the  converter.  A  second  method 
for  obtaining  the  right  polarity  consists  in  reversing  the  shunt  winding 
if  the  polarity,  as  shown  by  the  voltmeter,  be  wrong.  With  the 
existing  direction  of  rotation  and  reversed  field  winding  the  exciting 
current  demagnetises  the  field.  The  rotating  field  produced  by  the 
supplied  alternating  current  is  therefore  displaced  90  degrees  with  respect 
to  the  field  magnet  system.  From  this  it  follows  that  on  reversing  the 
field  winding  the  converter  armature  slips  back  90  degrees  with  respect 
to  the  revolving  field.     If  the  field  winding  be  now  reversed  for 
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a  second  time  the  armature  slips  back  another  90  degrees  with  respect 
to  the  rotating  field,  and  as  the  converter  ms^netises  itself  again  the 
polarity  of  the  terminals  will  have  become  reversed. 

During  starting,  which  usually  takes  from  a  few  seconds  to  one 
minute  or  more,  the  held  windings  act  like  the  secondary  circuit  of 
a  transformer,  and  since  the  number  of  field  turns  is  usually  very  mudi 
larger  than  the  number  of  armature  turns,  very  high  voltages  ranging 
from  3000  to  6000  volts  may  be  induced,  and  unless  special  precautions 
are  taken  this  pressure  may  be  sufhcient  to  rupture  the  insulation 
between  the  winding  and  earth.     For  this  reason  the  field  magnet 
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to  be  stalled  from  A.C.  dde. 


winding  should  be  divided  into  three  or  four  sections,  which  by  means 
of  a  "break-up"  switch  are  on  open  circuit  when  running  up  to 
synchronism,  and  are  closed  at  the  moment  synchronism  is  reached. 
Such  a  switch  is  indicated  in  Figure  326. 

The  disadvantage  of  this  mode  of  starting  is  that  in  order  to 
develop  the  necessary  torque  the  armature  may  take  from  the  supply 
mains  a  current  3  or  3.5  times  in  excess  of  the  normal  value.  Now, 
sinci:  this  current  is  almost  entirely  wattless,  the  pressure  regulation  of 
the  polyphase  system  will  be  seriously  disturbed  unless  the  voltage  is 
applied  to  the  slip  rings  in  a  number  of  increasing  steps,  such  as  would 
be  obtained  by  using  an  auto-transformer  having  from  three  to  five 
tappings.     By  this  means  the  starting  current  can  be  reduced  to  that 
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at  nonaa]  full-load,  but  this,  of  course,  involves  additional  switch  gear 
and  more  intricate  connections. 

The  scheme  of  connections  for  a  3-phase  converter  suitable  for 
starting  up  from  the  A.C.  side  is  shown  in  Figure  326.  The  starting 
siritch  and  auto-tiansformer  on  the  A.C.  side  enables  the  pressure  to 
be  applied  to  the  slip  rings  in  a  number  of  steps.  The  4-pole  field 
switch  enables  the  polarity,  if  wrong,  to  be  reversed,  and  also  provides 
a  means  of  dividing  the  shunt  winding  into  three  sections  until  the 
converter  reaches  synchronism.  This  method  of  starting  is  only  used 
where  no  suitable  direct- current  supply  is  available,  or  where  it  is 
desirable  to  save  a  special  starting  motor  or  motor-generator  set.  For 
if  the  load  on  the  generating  plant  be  small,  and  if  converters  in  other 
places  are  running  from  the  same  network,  the  starting  of  a  converter 
from  the  A.C.  side  may  easily  set  up  current  surges  which  would  throw 
the  other  converters  out  of  step. 

3.  Starting  by  an  auxiliary  motor. — Of  the  three  methods  available, 
this  is  by  far  the  simplest  and  least  troublesome,  and,  although  it 
involves  the  additional  cost  of  the  stardng  motor  for  each  converter,  it 
has  been  used  to  some  considerable  extent  For  the  starting  motor 
a  small  induction  motor  of  from  5  to  10  per  cent  of  the  converter 
output  is  always  used,  the  armature  being  keyed  to  an  extension  of  the 
main  shaft.  The  auxiliary  motor  would  be  designed  with  two  poles  less 
than  the  converter,  and  with  such  a  large  slip  that  the  converter  rotates 
at  almost  synchronous  speed  when  normally  excited.  Should  the 
losses  of  the  converter  be  an  insufficient  load  to  bring  down  the  speed 
of  the  induction  motor  to  that  of  eicact  synchronism,  arrangements 
should  be  made  to  load  the  converter  as  a  D.C,  generator,  thereby 
increasing  the  slip  of  the  motor  until  synchronism  is  reached.  The 
synchronising  arrangements  and  switch  gear  would  be  the  same  as 
when  the  converter  is  started  from  the  D.C.  side,  and  when  phase  and 
voltage  equality  is  obtained  the  switch  on  the  A.C.  side  is  closed  and 
the  induction  motor  disconnected  from  the  source  of  power. 

Parallel  Working  of  Converters. 

In  large  installations  rotary  converters  have  to  work  in  parallel  not 
only  with  the  A.C.  generators,  but  also  on  the  D.C.  side,  where  in 
addition  there  may  be  a  direct-current  generator  or  floating  battery,  as 
in  supply  schemes  for  tramways  and  railways.  In  order  that  a  floating 
battery  may  work  well  in  parallel  with  converters  it  is  necessary  that  the 
converters,  when  a  constant  voltage  is  applied  to  the  slip  rings,  should 
have  a  fairly  lai^e  voltage  drop  between  no-load  and  full-load ;  for,  if 
the  volts  drop  be  too  small,  the  converter  and  not  the  battery  will  take 
up  the  fluctuations  in  the  load.  A  large  voltage  drop,  however,  for  the 
same  reasons  that  apply  to  synchronous  motors,  affects  adversely  the 
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overload  capadty  of  converters.  If  they  have  not  to  worit  in 
parallel  with  a  hattery  a  small  voltage  drop  is  better,  as  the  machine 
can  then,  for  the  same  heating,  give  about  25  per  cent,  greater  output 
than  the  corresponding  D.C.  generator.  When  a  converter  has  to 
operate  in  parallel  with  a  shunt  excited  dynamo,  both  machines 
should  be  designed  to  give  the  same  voltage  drop,  and  thus  allow  the 
load  always  to  divide  itself  equally  between  the  two  machines.  If  two 
or  more  converters  receive  alternating  current  from  the  same  trans- 
formers, and  are  also  paralleled  on  the  D.C.  side,  the  direct  current 
may  easily  divide  on  the  individual  brush  sets  of  the  various  converters, 
so  that,  for  any  one  machine,  more  current  flows  through  the  brushes 
of  one  polarity  than  flows  through  the  brushes  of  the  other  polarity. 
As  this  may  lead  to  serious  sparking  at  the  commutator,  the  practice  of 
feeding  each  converter  from  a  separate  set  of  transformers  should  always 
be  adopted. 

When  compound  converters  are  operated  in  parallel,  the  terminal 
of  each  machine  common  to  the  armature  and  series  field  winding 
should  be  connected  through  a  switch  to  a  common  equalising  bus  bar, 
in  exactly  the  same  way  as  ordinary  compound  direct-current  generators 
are  connected.  This  equalising  bar,  shown  in  Figures  325  and  326, 
serves  to  equalise  the  division  of  the  load  on  all  the  machines.  Before 
paralleling  a  compound  converter  on  the  D.C.  side  the  switch  to  the 
equalising  bar  should  first  be  closed,  so  that  the  series  coils  receive 
current  from  the  converters  already  at  work.  Immediately  after  that 
the  positive  main  switch  may  be  closed,  and  by  strengthening  the  shunt 
excitation  a  part  of  the  load  can  then  be  gradually  transferred  from  the 
other  converters  to  the  newly  switched-in  machine. 

A  converter,  when  working  in  parallel  with  a  battery  or  D.C. 
generator,  may  attain  to  a  dangerously  high  speed  if  a  large  voltage 
drop  suddenly  occurs  on  the  A.C.  side, — say,  arising  out  of  a  short  circuit 
Under  such  conditions  the  converter  continues  to  run  as  a  shunt  motor 
from  the  D.C.  side,  and  pumps  a  large  higging  alternating  current  bade 
into  the  fault.  The  resultant  armature  reaction  weakens  the  main  field, 
and  the  speed  goes  on  increasing  inversely  as  the  strength  of  the 
field.  The  converter  must  on  this  account  be  protected  with  a  reverse 
current  cut  out  on  the  D.C.  side,  otherwise  a  dangerously  high  speed 
may  be  attained. 

Hunting  of  Converters. 

Since  a  rotary  converter  is  essentially  a  synchronous  motor,  the 
phenomena  of  hunting,  along  with  the  consequent  current  su^es 
between  the  converter  and  the  A.C.  generators  of  the  system,  is  liable 
to  be  set  up  whenever  sudden  variations  in  the  load  or  other  dis- 
turbances in  the  line  occur.  In  fact,  on  account  of  their  comparative 
small  armature  reaction,  converters  are  much  more  liable  to  hunt  than 
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synchronoos  motors.  Trouble  from  hanting  has  in  some  cases  assumed 
a  very  acute  form,  which  at  times  has  made  parallel  working  quite 
impossible.  When  the  prime  movers,  which  drive  the  alternators 
supplying  current  to  the  network,  have  not  a  constant  angular  velocity, 
the  converters,  to  remain  strictly  in  synchronism,  must  rfespond  to  the 
oscillations  forced  upon  the  system.  Of  course,  the  converter  cannot 
do  so  perfectly,  with  the  result  that  at  one  instant  it  lags  behind  the 
synchronous  position  and  so  takes  more  current.  The  increase  of 
current  sets  up  a  synchronising  torque  which  causes  the  armature  to 
accelerate  and,  on  account  of  its  momentum,  to  pass  the  synchronous 
position.  The  rotary  thus  acts  for  an  instant  as  an  alternating  current 
generator,  returning  cunent  to  the  supply  mains.  The  increased  load 
on  the  armature  introduces  a  retarding  torque  tending  to  slow  it  down, 
with  the  result  that  the  armature  tends  to  oscillate  about  its  mean 
synchronous  position.  According  to  the  relative  inertia  of  the  rotating 
parts  of  the  generators  and  converters,  these  superposed  oscillations 
may  increase  in  amplitude  and  set  up  current  surges  of  considerable 
magnitude  either  between  generators  and  rotary  or  between  several 
rotaries,  leading  in  some  cases  to  the  machine  being  pulled  out  of  step. 

In  a  polyphase  converter  the  multi-phase  currents  circulating  in 
the  armature  winding  give  rise  to  a  rotating  m^netic  field  which, 
since  the  armature  rotates  synchronously,  will,  under  steady  conditioi» 
of  working,  remain  stationary  with  respect  to  the  field  system.  When 
hunting  takes  place  the  oscillations  of  the  armature  about  the  syn- 
chronous position  cause  this  field  to  oscillate  also.  This  in  turn 
induces  an  oscillating  E.M.F.  in  the  armature  conductors,  and,  in 
the  case  of  the  coils  undci^oing  commutation,  sets  up  large  circulating 
currents  which  will  lead  to  violent  sparking  at  the  brushes. 

The  liability  to  hunt  depends  greatly  upon  the  engines  driving 
the  alternators,  for,  if  these  have  not  sufficient  fly-wheel  effect  to 
keep  down  the  forced  oscillations,  resonance  may  occur  with  the 
synchronous  converters  connected  to  the  network,  and  oscillations 
when  once  started  will  go  on  increasing  until  a  converter  is 
pulled  out  of  step.  To  diminish  the  possibility  of  trouble  from 
this  cause,  the  periodic  time  of  the  free  oscillations  of  the  converter, 

asexpressed byT^  =  0.0082 Rc*/^vi7^ — p^i  should  not  approach  too 
closely  the  periodic  time  of  the  forced  oscillations  T(=— ^5_,  where, 
for  the  converter 

R,=synchronous  Speed  in  R.P.M. 
%mf^  =  moment  of  inertia  of  the  armature  in  kg./metres.' 

Q=  ratio  of  alternating   current  at  short  circuit  to  that  at 
normal  load ; 

'  Compare  with  equatbn  96,  p,  359.  ^--  i 
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anci  for  the  considered  prime  mover 
R^  =  speedin  R.P.M. 
n,  =  number  of  cranks  (not  in  line). 

If  Tj  comes  within  more  than  50  per  cent  of  Tj,  then  either  the 
moment  of  inertia  Sm^  or  the  ratio  Q  must  be  altered  to  give  si  lower 
value  of  T^.  Assuming  %m*^  to  be  fixed  as  would  be  the  case  in  a 
machine  of  standard  construction,  the  value  of  T^  can  only  be 
reduced  by  increasing  the  value  of  Q, — i.e.,  by  increasing  an  over- 
load capacity  of  the  converter.  Now,  for  a  synchronous  motor  the 
load  at  which  the  motor  will  drop  out  of  step  increases — within  certain 
limits — with  the  field  excitation,  which  increase,  in  the  case  of  a  rotary 
converter,  will  be  almost  in  direct  proportion  to  the  radial  depth  of 
the  air-gap.  Hence  for  a  given  converter  the  larger  the  lur-gap  the 
more  remote  will  be  the  likelihood  of  trouble  arismg  from  hunting. 

A  compotmd  winding  on  the  field  magnets  tends  to  facilitate 
hunting ;  for  any  alteration  in  the  amp&re-tums  of  the  series  winding 
due  to  a  variation  in  the  D.C  load  is  not  accompanied  by  an 
instantaneous  change  of  flux,  the  time  required  for  the  flux  to 
obtain  a  value  normal  to  the  new  conditions  depending  upon  the 
degree  to  which  the  iron  of  the  magnetic  circuit  is  magnetised. 
Hence  some  machines  may  respond  more  quickly  than  others,  and 
thus  the  voltage  of  the  various  converters  in  parallel  may  dilTer  and 
current  oscillations  be  started.  On  account  of  the  danger  of  hunting 
being  greatly  increased  in  a  compound  converter,  the  regulation  of 
the  voltage  by  either  an  A.C,  or  D.C.  booster  is  to  be  preferred. 

Should  the  E.M.F.'s  of  the  alternating  mains  and  the  converter 
have  different  wave  shapes,  high-frequency  currents  will  circulate 
between  the  converter  and  the  generators  supplying  the  system, 
and  these  may  be  able  to  start  phase  swinging  should  the  load  on 
the  converters  be  subjected  to  rapid  fluctuations.  The  higher 
frequency  cunents  will  be  greater  the  smaller  the  reactance  of  the 
whole  electric  circuit  with  respect  to  them,  and  if  such  currents 
are  likely  to  arise  it  is  best  to  obtain  the  necessary  voltage  regulation 
by  means  of  choking  coils,  as  their  high  reactance  tends  to  damp 
down  the  currents  due  to  the  harmonics  in  the  E.M.F.  waves. 

In  order  to  render  rotary  converters  free  from  swinging  troubles, 
and  the  resulting  deleterious  effect  upon  the  commutation,  tt  is 
necessary  that  the  free  oscillations  should  be  rapidly  damped  out 
This  may  be  affected  either  by 

(1)  Fitting  heavy  amortisseurs  into  the  pole  shoes,  if  these  be 
laminated,  or, 

(a)  By  connecting  the  solid  pole  shoes  tt^ether  with  copper  or 
bronze  bridges.  Closed  conducting  drcuits  are  thus  formed  for 
the   induction   of  currents  which  damp  out  the  oscillations  of  the 
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magnetic  lield.  The  adoption  of  such  damping  arrangements  vill 
of  course  lower  the  efficiency  by  an  amount  ranging  from  i  to  1.5 
per  cenL,  but  this  is  of  very  little  consequence  compared  with  the 
importance  of  steady  running  and  freedom  from  hunting. 

Static  Balancers  for  Three- Wire  System.— Where  a  rotary 
converter  or  D.C.  dynamo  supplies  current  to  a  3-wire  system 
it  may  not  always  be  convenient  to  employ  a  direct-current 
balancer,  and  in  such  cases  it  becomes  necessary  to  connect  the 
middle  wire  of  the  system  to  a  point  having  a  potential  midway 
between  that  of  the  positive  and  negative  brushes.  Theoretically 
this  point  could  be  obtained  from  an  auxiliary  set  of  brushes  placed 
intermediate  between  the  main  brushes.  But,  any  variation  in  the 
magnitude  of  the  load  or  out-of-balance  current  will  cause  the 
position  of  neutral  voltage  to  alter,  and  unless  the  position  of  the 
auxiliary  brushes  be  correspondingly  adjusted  serious  sparking  will  ' 


FlO.  327. — Principle  of  static  balancer. 

result.    This  method   of  dealing  with  the  out-of-balance  current  is 
therefore  of  no  practical  utility. 

Another  method  has,  however,  been  proposed  by  Dolivo 
Dobrowolsky,*  in  which  the  middle  wire  of  the  system  is  connected 
to  the  middle  point  of  the  Windings  of  a  choking  coil,  excited  by 
an  alternating  current  drawn  from  the  armature  winding.  In  the 
case  of  converters  working  from  transformers  the  secondary  winding 
of  the  latter  may  be  used  in  place  of  the  choker,  the  star  point  being 
connected  to  the  neutral  wire.  The  principle  underlying  Dobrowolsky's 
method  is  illustrated  in  Figure  317,  where  the  balancer  is  applied  to 
a  2-pole  machine.  There  two  slip  rings  A,  B,  from  which  connections 
are  made  to  two  points  a,  b,  in  the  armature  winding,  which  for  the  case 
under  consideration  are  diametrically  opposite. .  The  choking  coil  or 
static  balancer  C  is  simply  a  low  -  resistance  coil  wound  on  a 
laminated  closed  magnetic  circuit  resemblii^  a  transformer.  The 
■i.r.2.,  1895,  p.  323. 
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middle  point  O  of  the  coll  is  connected  to  the  middle  wire  of  the 
system,  while  the  ends  of  the  coil  are  connected  across  the  slip 
rings  A,  B.  When  the  converter  is  in  operation  an  alternating  E.M.F. 
is  produced  between  the  slip  rings  having  a  frequency^^,  and  a 

maximum  value,  on  a  sine  wave  assumption,  equal  to  the  E.M.F. 
between  the  brushes  on  the  commutator.     The  application  of  this 
alternating  E.M.F.  to  the  terminals  of  the  choking  coil  will  give  rise 
to  a  magnetising  current,  the  effective  value  of  which  is 
,   _     E, 


where  E,  is  the  effective  E.M.F.  between  the  slip  rings  and  L,  the 
inductance  of  the  coil  C 

From  Figure  327  it  is  obvious  that  the  middle  point  of  the 
choking  coil  will  be  at  a  potential  intermediate  between  that  of  its 
terminals,  and  therefore  the  slip  rings.  Now,  the  tappings  from 
the  armature  winding  to  the  slip  rings  are  always  symmetrically 
situated  with  respect  to  the  ■¥ve  and  -ve  brushes.  Hence  the 
middle  point  0  will  have  a  fixed  potential  with  respect  to  the 
commutator  brushes,  and  the  voltage  between  this  point  and  either 
brush  will  be  equal  to  one-half  of  that  between  the  main  brushes. 
The  out-of-balance  current  on  entering  the  sUtic  balancer  dindes 
equally  between  each  half,  as  with  this  subdivision  the  balancer 
offers  the  least  apparent  resistance.  The  magnetising  effect  produced 
in  one  half  neutralises  that  of  the  other,  the  resultant  magnetising 
effect  of  the  out-of-balance  current  in  the  balancer  itself  is  zero.  If  the 
choking  coil  is  of  the  core  type  the  windings  of  each  half  of  C  will 
have  to  be  distributed  equally  on  the  two  limbs  otherwise  a  uni-direc- 
tional  field  will  be  produced  by  the  out-of-balance  current,  causing 
increased  iron  losses  and  excessive  magnetising  current.  The  path  of 
this  field  is  through  the  cores  and  back  via  the  air,  clamping  bolts  fixing 
the  top  and  bottom  yokes,  and  iron  case  if  provided. 

With  the  simple  arrangement  shown  in  Figure  327  the  out-of- 
balance  current  will  cause  an  unequal  distribution  of  current  in  the 
armature,  and  therefore  unequal  heating.  Should  the  ■'rve  side  be 
the  more  heavily  loaded  the  current  in  that  half  of  the  armature 
on  the  same  side  of  the  tappings  as  the  ■\-ve  brush  will  be  greater 
than  the  current  in  the  remaining  conductors  by  about  half  of  the 
out-of-balance  current.  In  order  to  obtain  a  more  uniform  distribu- 
tion of  the  out-of-balance  current  in  the  armature,  and  therefore 
diminished  heating,  a-phase  (Figure  328)  static  balancers  have 
been  adopted  for  this  purpose.  With  a  2-circuit  or  wave  winding 
one  tap  per  slip  ring  is  only  required,  the  armature  winding  being 
divided  into  as  many  parts  by  the  tappings  as  there  are  collector 
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rings,  independent  of  the  number  of  poles.  With  a  multiple- 
circuit  winding  the  number  of  taps  per  ring  are  equal  to  the  number 
of  pairs  of  poles,  and  should  be  symmetrically  situated  with  r^ard  to 
the  latter. 

The  unequal  distribution  of  the  out-of- balance  current  in  the 
armature  winding  will  give  rise  to  unequal  aimature  reaction  on  the 
field,  and  this  will  have  a  maximum  effect  with  the  single-phase 
arrangement,  hut  a  decreasing  influence  as  the  number  of  slip  rings 
are  increased.  Increasing  the  number  of  slip  rings — i.e.  supplying  the 
out-of-balance  current  to  the  armature  at  a  greater  number  of  points — 
causes  a  more  rapid  oscillation  of  the  flux  due  to  the  armature  reaction, 
but  as  the  amplitude  of  the  flux  oscillations  is  much  reduced  the 
resultant  field  is  more  constant.     In  some  cases  the  oscillation  due  to 


Fig.  33$. — Piincipleof. 


this  reaction  has  shown  itself  by  a  flickering  of  the  lamps  connected  to 
the  circuit 

The  size  of  a  static  balancer  depends  upon  the  amount  of  un- 
balanced power, — i.t.  it  depends  upon  the  maximum  difference  between 
the  load  on  the  two  sides  of  the  3-wire  system.  If  E,  denote  the 
voltage  between  the  middle  wire  and  the  outside  conductor,  and  I  the 
maximum  current  in  the  outside  conductors,  then  the  converter  will  be 
designed  for  a  full-load  output  of 

W-2  E.I  watts 

Now,  let  I,  denote  the  maximum  out-of-balance  current,  which  should 
not  exceed  10  to  30  per  cent,  of  I,  then  for  a  single-phase  balancer  the 

As  the  out-of- 


efiective  voltage  a 


}  the  slip  rings  ^   -,-=  Va  ' 

•J2 


balance  current  divides  equally  between  both  halves  of  the  winding,  the 
current  in  the  balancer  winding  =  I./a, — i.e.  on  the  assumption  that  the 
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and 
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losses  are  negligible.  The  volt-ampere  capacity  of  the  balancet  is 
therefore 

~  r^ 

W,=.EX     _i i_     l,_  I, 

With  a  maximum  out-of-balance  current  of  20  per  cent.,  I^I  3=0.1,  the 
volt-ampfere  capacity  of  the  balancer  will  be  7  per  cent,  of  the  volt- 
ampere  capacity  of  the  rotary,  and  as  an  auto-transformer  of  ratio  unity 
is  one  half  the  size  of  a  transformer  of  the  same  volt-ampere  capacity, 
the  size  of  the  transformer  will  only  be  3.5  per  cent  of  the  volt-ampere 
capacity  of  the  converter.  When  an  m-phase  balancer  is  used,  each  wiU 
have  a  capacity  --  that  of  a  single-phase  one. 

Comparison  of  Rotary  Converters  and  Motor  Generators. 
— Prime  Coit. — In  the  working  of  rotaiy  converters  it  will  nearly  always 
be  necessary  to  transform  the  high  voltage  of  the  supply  mains  to  a 
lower  voltage  convenient  for  the  converter;  hence,  in  the  comparison  of 

rotary  converters  with  motor  generators,  the  transformers  required  for 
the  former  must  also  be  taken  into  consideration.  The  first  cost  of 
motor  generator  sets  is  usually  somewhat  higher  than  thai  of  rotary 
converters,  particularly  in  the  larger  sizes.  The  actual  difference, 
however,  is  not  very  great,  as  will  be  seen  from  Table  XXXII.,  which 
gives  the  relative  costs  of  the  various  sizes.  This  table  is  based  on 
quotations  by  the  same  manufacturer  of  rotary  converter  and  motor 
generator  sets  of  25  and  60  cycles.  The  unit  is  taken  as  a  25 -^ 
converter  with  the  necessary  transformers  and  regulators. 


»« 

Rolaries  with  Trans- 
formers and  Regulators. 

25  •>.             60  ^ 

8  IS 
11 

-Is 

5^* 

250-300 

I          1       0.95 

1          1        1.05 

,.05 
1.05 

0-95 
1.05 

...0   ! 

Efficiency. — The  efficiency  of  a  converter  will  generally  be  higher 
than  that  of  the  motor  generator,  because  with  the  latter  there  is  the 

*  From  paper,  by  Wm.  Egliii,  read  before  section  E  of  Ihe  IntenuUiooal  Electrical 
Congress  of  Si.  Louis,  1904. 
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combined  tiansformation  of  electrical  energy  in  the  motor  into 
mechanical  enei^,  and  then  in  the  generator  again  into  electrical 
enei^,  while  with  the  converter  the  change  from  one  form  of  current  to 
the  other  takes  place  direct,  and  only  the  momentary  difTerence  of  the 
two  currents  flows  in  the  armature  winding.  The  copper  loss  is  therefore 
smaller,  but  this  is  somewhat  neutralised  by  the  losses  occurring  in  the 
transformers  and  regulators.  The  following  table  shows  the  eflSciency 
of  a  400- K.W.  60  ~rotary  converter  and  a  400-K.  W.  60  ~motor  generator 
set  with  both  high-  and  low-voltage  motors.  These  tests,  made  on 
machines  built  by  the  same  firm,  show  that  even  at  h^h  frequencies  the 
rotaiy  converter  is  more  efficient  than  the  motor  generator  set. 

Table  XXXIII. 

Rttl-had  EffUiency  of  Afio-K.W.,  ^$o-It.P.M.t  bo  ^  2-phast  Rotary 
Converter  and  Motor  Generator. 

Rotary  converter  with  transformer  ....  90.5  per  cent. 
Motor  generator  with  220-volt  induction  motor  and 

transformers 84.7       „ 

Motor  generator  with  5000-volt  induction  motor  86.9     „ 

Commutation. — Since  very  litde  field  distortion  occurs  with  increas- 
ing load,  the  conditions  for  good  commutation  are  more  favourable 
with  the  converter.  The  converter  is  therefore  better  adapted  for 
coping  with  such  sudden  and  tai^e  fluctuations  in  the  loads  as  are 
encountered  in  traction  systems. 

Inverted  Rotaries. 

As  mentioned  in  the  introduction  to  this  chapter,  rotary  converters, 
besides  converting  from  alternating  current  to  direct,  may  also  be  used 
to  convert  from  direct  to  alternating,  in  which  case  they  are  referred 
to  as  "  Inverted  Rotaries."  Though  the  use  of  the  latter  is  somewhat 
limited,  they  are,  when  special  cases  are  met  with,  a  distinct  advantage. 
For  example,  in  a  low-tension  direct-current  system  a  district  at  some 
considerable  distance  from  the  generating  station  may  be  supplied  by 
converting  from  direct  to  alternating,  transmitting  as  alternating  at  high 
tension  and  then  reconverting  to  direct  current.  Or  in  a  station  with 
D.C.  generators  for  short-distance  supply  and  alternators  for  long-distance 
supply,  a  converter  may  be  used  as  the  connecting  link  to  transfer  the 
load  from  the  direct  to  alternating  generators,  or  vice  versa,  and  thus 
be  operated  either  way  according  to  the  load  on  the  system. 

When  converting  from  alternating  to  direct,  the  converter  can  only 
have  one  speed,  namely,  the  synchronous  speed ;  any  alteration  of  the 
exciting  current  has  no  influence  upon  the  speed,  but  merely  alters  the 
30 
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power  factor  of  the  alternating-current  circuit  When,  however,  a 
converter  is  operated  as  an  inverted  rotary,  and  is  not  connected  in 
parallel  with  other  alternators  onthe  A.C.  side,  the  speed  of  the  converter 
as  a  direct- current  motor  depends  upon  the  excitation,  and  varies  in- 
versely as  the  strength  of  the  field  magnets.  The  field  strength  irill 
depend  upon  the  magnitude  and  phase  relation  of  the  alternating 
current  when  the  inverted  rotaiy  has  a  constant  field  excitation. 
A  lagging  current  veakens  the  field  and  thus  increases  the  speed, 
while  a  leading  current  has  the  opposite  effect.  Hence,  if  a  lining 
current  be  taken  from  an  inverted  rotary,  as,  for  instance,  in  starting 
an  induction  motor,  the  armature  reaction  will  weaken  the  field,  and 
thus  the  speed  of  the  armature  will  increase,  and  so  also  will  the 
frequency.  An  increase  of  frequency  may,  however,  increase  the  lag 
of  the  current,  thus  further  weakening  the  field  and  increasing  the 
speed.  Under  the  conditions  the  acceleration  may  be  so  rapid  as  to 
get  beyond  the  control  of  the  field  rheostat,  and  so  the  speed  may 
become  dangerously  high.  Inverted  rotaries,  if  excited  from  a  constant 
voltage  supply,  must  therefore  be  protected  with  some  device  which 
opens  the  main  switches  on  the  D.C.  and  A.C.  sides  whenever  the 
speed  comes  within  the  danger  limit  Another  method  is  to  separately 
excite  the  converter  from  a  small  exciter  mechanically  driven  from  the 
armature  shaft,  for  in  that  case  any  increase  of  speed  will  raise  the 
exciter  volts  and  so  increase  the  direct  magnetising  M.M.F.  at  a  greater 
rate  than  the  demagnetising  M.M.F.,  thus  putting  a  check  on  the  speed. 
When  an  inverted  rotary  is  operated  in  parallel  with  alternators  of 
much  greater  capacity  the  danger  of  racing  does  not  exist,  for  under 
these  conditions  a  change  of  field  excitation  does  not  alter  the  spieed, 
but  merely  changes  the  phase  relation  of  the  alternating  current 
delivered  by  the  converter.  That  is,  the  converter  not  only  receives 
power  from  the  direct-current  supply  and  delivers  it — less  the  losses— 
to  the  alternating  system,  but  at  the  same  time  it  receives  a  wattless 
current  from  the  alternating  system,  lagging  at  under-excitation,  leading 
at  over-excitation,  and  can  in  the  same  way  as  an  ordinary  converter 
or  synchronous  motor  be  employed  to  compensate  for  wattless  currents 
in  other  points  of  the  system. 
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CHAPTER  XV 

DESIGN  OF  ROTARY  CONVERTERS 

Besides  stating  the  nonnal  output  of  the  D.C  side,  the  specification 
for  a  converter  should  also  include  the  E.M.F.,  frequency,  and 
number  of  phases  of  the  supplied  alternating  current,  and  the  pro- 
blem which  presents  itself  is  to  design  a  machine  which  will  meet  the 
above  requirements  without  undue  sparking  at  the  commutator,  and  with 
a  temperature  rise  at  continuous  full-load  not  exceeding  about  45*  C 

Frequency. — Theoretically,  rotary  converters  can  be  designed 
for  any  frequency,  but  from  considerations  of  practical  working  the  limit 
of  successful  operation  of  these  machines  is  reached  at  50  cycles. 
Above  this  frequency  such  severe  limitations  are  imposed  upon  the 
design,  especially  that  of  the  commutator,  that  the  only  solution  to 
the  problem  of  converting  from  alternating  current  to  direct  lies  in 
the  employment  of  motor  generator  sets.  Above  a  frequency  of  50  ~ 
there  are  two  outstanding  dithculties  in  the  way  of  successful  working : 
(i)  good  parallel  running  of  two  or  more  rotaries  becomes  extremely 
difficult,  owing  to  the  ease  with  which  oscillations  can  be  started ;  and 
(2)  the  question  of  commutation  becomes  a  very  difficult  one  to  solve 
in  a  satisfactory  manner. 

As  already  pointed  out,  in  connection  with  alternators,  the  lower 
the  frequency  the  better  the  parallel  running ;  for  with  a  given  angular 
displacement  the  phase  difference  between  the  E.M.F,  waves  of  the 
various  machines  is  smaller.  The  same  argument  applies  equally  to  the 
case  of  the  rotary  converter,  for  in  order  to  put  the  high-frequency 
machine  on  the  same  basis  as  the  low-frequency  machine  in  this  respect,  it 
would  be  necessary  to  have  the  same  number  of  poles  in  each  machine, 
and  this  would  mean  that  a  machine  operating  at  50  cycles  would  have 
to  run  at  double  the  speed  of  a  machine  of  the  same  output  operated 
at  25  cycles.  This  is,  of  course,  impossible,  on  account  of  the  excessive 
peripheral  speed  that  would  result,  the  principal  difficulty  arising  at 
the  commutator.  If,  on  the  one  hand,  the  peripheral  speed  of  the 
commutator  be  too  great,  the  satis&ctory  collection  of  the  current  with 
carbon  brushes  is  rendered  very  difficult  owing  to  the  vibration  of  the 
latter ;  while,  on  the  other  hand,  if  the  diameter  be  diminished  below  a 
certain  limit  the  s^ments  would  become  too  tlun  to  satisfy  mechanical 
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requirements.  The  higher  the  direct  current-pressure  the  greater  the 
difficulties  in  this  respect 

The  n^  result  is  that,  with  high  frequencies,  the  number  of  field 
poles,  diameter  of  armature,  and  number  of  commutator  segments  have 
to  be  increased  beyond  that  required  for  a  low-frequency  machine.  All 
these  features,  namely,  crowded  poles,  high  peripheral  speeds,  thio 
commutator  segments,  short  distance  between  brushes,  etc.,  are  wholly 
unfavourable  to  successful  parallel  running  and  good  commutation.  It 
is  for  these  reasons  that  a  frequency  of  25  ~has  become  more  or  less 
standard  for  rotaiy  converter  work,  and  at  this  frequency  well  designed 
machines  should  not  give  the  slightest  trouble.  Between  30  and  50 
cycles  their  performance  may  still  be  good  under  favourable  conditions 
of  good  engines,  high  speeds,  and  low  voltages ;  but  above  50  •»  the  use 
of  rotary  converters,  on  units  of  large  size,  is  practically  out  of  the 
question. 

Number  of  Poles. — Since  a  rotary  converter  is  a  synchronous 
machine,  the  number  of  pairs  of  poles  bears  a  definite  ratio  to  the 
frequency  and  number  of  revolutions  per  minute  of  the  armature,  thus 

■^       R 
The  peripheral  speed  of  the  armature  as  expressed  by 

p-=-r^ =  —  .  r^^  =  —  metres  per  second, 

6000     3/    6000     50 

will  be  greater  the  latter  the  values  of  pole  pitch  r  and  the  frequency  '^. 
The  same  relation  also  holds  good  between  the  pole  pitch  r,  and  the 
peripheral  speed  v^  at  the  commutator,  namely, 

p,"=^^  or  —  =  5LE.' 

Hence,  in  designing  converters  for  fairly  high  frequencies,  it  becomes 
necessary  to  make  the  peripheral  speed  as  high  as  possible,  while  the 
pole  pitch  is  kept  fairly  low.  There  is,  however,  a  lower  limit  to  the 
value  of  T„  settled  from  the  fact  that  for  good  commutation  the  mean 
P.D.  per  segment  should  not  exceed  about  15  volts;  and  because,  for 
mechanical  reasons,  the  thickness  of  a  commutator  s^ment  should  not 
be  less  than  about  3  mm.  For  instance,  if,  in  a  sso-volt,  50—  con- 
verter having  a  multiple-circuit  armature,  the  volts  per  s^ment  be 
limited  to  15,  37  segments  per  pole  pitch  will  then  be  required. 
Further,  supposing  each  segment,  including  insulation,  measures  4  mm., 
this  wilt  necessitate  a  pole  pitch  of 

T,=37x4-iSomm.  =  i5cms. 
and  a  commutator  peripheral  speed 
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With  converters  for  40  to  50  periods  it  is  quite  good  practice  to  work 
with  peripheral  speeds  somewhat  higher  than  this,  the  upper  limit  being 
reached  at  v,=  18  metres  per  second.  Beyond  this  speed  the  carbon 
brushes  tend  to  chatter,  which,  if  allowed  to  go  too  far,  may  be  the 
cause  of  serious  sparking.  The  number  of  pairs  of  poles  with  which 
to  design  the  machine  can  be  settled  as  follows : — 

Let  E  denote  the  voltage  between  brushes  on  D.C.  side,  e^^  the 
mean  volts  per  segment  permissible,  /  thickness  of  commutator  segment 
in  cms.,  and  /^  thickness  of  mica  insulation  in  cms.,  then 

—  =  number  of  segments  per  pole. 

—  ■  (/+i'i)'=rc=polepitchatcommutator, 

''^  F 
and  »£-4—  .  C'  +  A)-  - 

Further,  if  Q  denote  the  density  at  which  the  current  can  be  collected 
from  the  commutator,  n,  =  number  of  segments  covered  by  brush  arc, 
and  /  the  length  of  all  the  brushes  per  spindle;  then,  assuming  one 
brush  spindle  per  pole  and  a  direct-current  output  of  I  amperes, 

I=/.Q. /.(/+/,).«, 
Substituting  for  {f  +  /|)  the  expression  ^  .  S?_^^  there  is  obtained 


or,  the  number  of  pole  pairs 

I.E.~  ioooK.W.~ 


where  K.W.  denotes  the  kilowatts  output  from  the  D.C.  side.  This 
equation  shows,  as  would  naturally  be  expected,  that  the  number  of 
poles  will  increase  with  the  output  K.W.  and  the  frequency  ~;  and,  if 
the  following  numerical  values  be  inserted, 

Q  =  5  ampferes  per  cm.*  (page  450),  c^^=i5  volts 

«,  =  3,  v,=  i8mlsec,  and/=aoto30 
the  number  of  poles  for  500-volt  machines  of  various  outputs  and 
frequencies  may  be  chosen  somewhat  as  follows : — 

Tablb  XXXIV. 
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2^-~ 

50~ 

3°o-  S<w     » 
600-  800     „ 
1000-1200     „ 
'500 

if 

16    ". 

6- 8  pole 
8-10    „ 
12-16    „ 
30-I4    „ 
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Output  Coefficients  and  Main  Dimensions.— When  the  out- 
put is  limited  by  theraia]  considerations,  and  not  by  the  question  of 
commutation,  it  has  been  shown  in  the  previous  chapter  that  for  a  given 
machine, 

Output  as  a  converter  =  -^  x  output  as  D.C.  generator, 

I.e.,  output  as  D.C.  generator  =  ^  K.W., 
where  K.W.  denotes  the  output  as  a  converter.  The  dimensions 
of  a  converter  armature  can  therefore  be  arrived  at  in  the  same  way  as 
those  of  an  ordinary  direct-current  generator  to  be  designed  for  an 
output  ^/^  K.W.,  terminal  voltage  E,  and  normal  current  »/J3  .  I. 
For  a  direct-current  armature  winding  the  terminal  voltage  is 

E  =  E;  =  4  T  .  ~  .  *  X  10-8  =  4  T  .  -^^  .  *  X 10^  volts, 

where  T  denotes  the  number  of  turns  in  series  per  circuit  and  *  the 
magnetic  flux  per  pole.  Multiplying  both  sides  of  the  above  equaUon 
by  Jp  I,  there  is  then  obtained  the  further  equation 

E.I.  S=  4  T  .  I  V^^^ .  *  X  lo-e  =  0.66  I .  T  .  /  .  *  .  R  ^^  x  lo"" 
Now,  let 

D  «  diameter  of  armature  core  at  air-gap  in  cms. 
L,=gross  length  of  armature  core  in  cms. 
/,  =  ideal  pole  length  s  L^ 
*,= ideal  pole  breadths—. 

(T  =  ratio  of  pole  arc  to  pole  pitch. 
^"^  number  of  armature  circuits  in  parallel. 
6,  ^  average  flux  density  in  air-gap. 
AC  =  ampfere-conductors  per  cm.  of  armature  periphery, 
then, 

B  -  *    -      ^P^ 

'      b,.k      irD.tr.L, 


,    ,„       2l.q      IjB      2T. 

and  AC.= — fi    ■  —^  =  ' ; 


.D.L,. 


irD 


When  these  values   for  /*  and  IT  are  substituted  in   the  equation 
for  EI  j^,  there  is  obtained  a  further  equation 

r,-,      ,-  „       IT.   D  .   AC       IT  .    D  .   L.  .  B,,  .  (T   „      , 

EI  ^y3=o.66  .       ^  ^^      . ^^~--  R  ^0  -  io» 

i.e.,  KW.  V^-  D^  .  L,  .  R  X  AC  B,  .  (T  X  o.ifia  x  lo"" 
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The  equation  to  the  output  coefficient  can  now  be  written  down  as 

In  order  to  obtain  as  nearly  as  possible  a  sinusoidal  field  curve,  a-  is 
generally  made  equal  to  about  0.65  or  0.70  (vide  page  ai6).  The 
exact  proportions  in  which  AC  and  B^  are  chosen  depends  upon  the 
conditions  under  which  the  converter  has  to  operate.  If  the  converter 
has  to  be  designed  with  a  large  overload  capacity  as  a  synchronous 
motor,  B,  is  chosen  relatively  large  and  AC  relatively  small. 

If,   on   the   other  hand,  it  is   desirable   that   the   motor  should 


1 

J 

" 

^ 

y 

Raled  output  in  K.W. 
Fig.  329,— Output  coefficient  of  roUiy  converters. 


not  have  too  great  a  synchronising  power,  AC  is  made  larger  and 
B,  smaller. 

In  converters  of  modern  design  the  value  of  AC  usually  ranges 
from  150  to  250  ampere-conductors  per  cm.,  while  B,  lies  between  7000 
and  to,ooo  respectively.  The  values  of  ^J9  will  be  as  set  forth  on 
page  433- 

In  obtaining  the  main  dimensions  of  a  converter,  it  is  usual  to 
start  from  the  formula 

D'L,=  ™^^ (.„ 

The  value  for  the  output  coefficient  f  to  be  inserted  in  this  formula 
should  be  deduced  from  a  number  of  previously  built  machines,  but 
in  the  absence  of  such  data  the  curves  of  Figure  329  may  be  used  to 
obtain  a  first  approximation.    The  values  of  output  coefficients  given 
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in  this  curve  will   be   approximately  the  same    as  those  for  D.C. 
generators. 

When  the  value  of  D'L^  has  been  provisionally  settled,  the  next 
step  is  to  detennine  the  best  diameter  and  length  of  core.  As  in  the 
case  oF  alternators,  the  peripheral  speed  which  is  usually  regarded  as 
permissible  may  form  the  basis  for  the  settlement  of  the  core  diameter. 
A  high  peripheral  speed  is  somewhat  desirable  in  order  to  reduce  the 
weight  and  size  of  the  machine  for  a  given  output,  but  is  limited  by 
consideration  of  mechanical  strength  depending  upon  the  way  in  which 
the  armature  is  constructed.  In  armatures  of  ordinary  construction 
the  peripheral  speed  ranges  from  zo  to  30  metres  per  second,  and  23 
or  24  may  be  considered  an  average.  The  speed  R  being  known, 
the  diameter  D  can  be  determined  by  settling  on  a  suitable  value  of 

V,  thus  D  =  — ^.    Knowing  D,  the  length  of  the  core  is  expressed  by 
,        KW.  Vff 
'     £ .  D'R 
Another  method  of  settling  D  and  L,  is  to  take 

and  when  this  value  is  substituted  iu  equation  (137) 


D' 


f.R 


from  which  there  is  obtained  the  diameter  D,  pole  pitch  t=  — ,  length 

L,=  — .andthe  peripheral  speed  w  =  ^-—.     Should  the   latter  not 

p  60 

come  within   the  limits  mentioned  above,  a  more  convenient  value 
should  be  assigned  to  L,  and  the  diameter  D  then  obtained,  thus 

/dC. 


-J\ 


It  may  be  necessary  in  this  way  to  make  several  trial  calculations  until 
there  are  obtained  convenient  values  of  D,  L„  and  v.  When  L,  has 
been  settled  the  number  of  radial  air  ducts  should  then  be  fixed  on 
the  basis  of  one  for  every  7  or  8  cms.  of  gross  length.  The  radial 
depth  of  the  air-gap  is  chosen  almost  the  same  as  in  D.C.  generators, 
and  varies  from  4  mm.  in  small  machines  to  8  or  9  mm.  in  large 
machines,  according  to  the  curve  of  Figure  330.  The  pole  shoe  arc 
is  in  nearly  every  case  made  equal  to  0.7  t,  as  this,  when  the  poles  are 
well  chamfered,  gives  an  almost  sine  distribution  of  magnetic  flux.  In 
some  cases  the  pole  and  pole  shoes  are  a  solid  steel  casting,  and  though 
the  solid  pole  shoes  tend  to  facilitate  the  weakening  of  all  harmful 
field  pulsations  and  the  damping  out  of  any  free  oscillations,  yet  the 
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increased  eddy  current  loss  resulting  therefrom  is  of  such  a  magnitude 
as  to  have  an  appreciable  effect  upon  the  efficiency  of  the  machine. 
For  this  reason  the  more  usual  practice  is  to  adopt  laminated  pole 
shoes  and  to  fit  amordssturs  into  them.  The  m;^etic  system  is  then 
sketched  out  in  a  similar  manner  as  for  a  D.C.  generator,  and  if  the 
plan  of  the  pole  shoe  approximates  to  a  square  a  pole  of  circular  cross 
section  is  to  be  preferred  in  order  to  keep  down  the  mean  length  per 
turn  for  the  copper.  Settling  on  a  maximum  flux  density  in  the  pole 
core  of  about  15,000  lines  per  cm.^,  and  assigning  a  suitable  value  to 
the  leakage  factor  of  the  magnet  system,  an  approximate  value  of  the 
magnetic  flux  entering  the  armature  can  now  be  estimated.  If,  as 
is  usually  the  case,  the  m^net  ring  be  of  cast  steel,  then  the  cross- 
section  of  the  yoke  should  be  designed  for  a  fairly  low  induction,  say 
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RiHd  output  in  KW. 
Fic.  330.— Radial  depth  of  air-gap  for  rotary 


rz,ooo  tines  per  cm.*  This  is  necessary  in  order  to  obtain  a  magnet 
ring  which  will  have  the  necessary  mechanical  strength.  The  length 
of  the  pole  core  will  ultimately  be  settled  from  the  amount  of  space 
required  for  the  field  copper,  but  as  a  preliminary  this  may  be  given 
a  value  of  between  25  and  30  cms. 

Of  the  magnetic  circuit,  the  radial  depth  of  armature  core  b  the 
only  dimension  that  remains  to  be  settled. 

An  assumed  depth  of  slot  has  to  be  selected  for  the  present,  and 
this  may  be  taken  as  ranging  from  3.5  to  5.0  cms.,  according  to  the 
size  of  the  machine.  To  derive  the  radial  depth  of  core  that  is  required 
below  the  tooth  roots  it  is  necessary  to  know  the  value  of  flux  density 
permissible,  and  this  will  be  settled  on  the  same  basis  as  for  alternators. 
(See  Table  XXIV,  page  389). 

Armature  Winding. — When  the  outline  of  the  magnetic  circuit 
has  been   provisionally  determined,  and  an  estimate  made  of   the 
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magnetic  flux  entering  the  armature  per  pole,  the  next  step  is  to  decide 
upon  the  armature  winding.  The  number  of  turns  in  series  per  circuit 
is  given  by 

4.~* 
the  induced  voltage  E/  being  taken  as  equal  to  the  terminal  voltage  E 
at  normal  full-load  plus  3  per  cent,  to  allow  for  the  volts  drop  in  winding 
and  at  brush  contacts, — i.e.,  E/=  1.03E.  If  q  denote  the  number  of 
armature  circuits  in  parallel,  and  I  the  current  output  from  the  D.C. 
side,  then  the  fluctuating  current  in  each  conductor  is  equivalent  to  a 
steady  cunent  of  the  amount  _ 

1  =1^ 
"  ? 
For  outputs  greater  than  100  K.W.  multiple  circuit  windings  are, 
as  already  stated,  always  employed,  in  which  case  the  number  of 
armature  circuits  will  be  the  same  as  the  number  of  poles.  If,  for 
such  a  winding,  C  =  2yT  denote  the  total  number  of  armature  con- 
ductors, then  pitch  at  rear  end  of  armature  =y^  =  —  ±1,  and  pitch  at 
commutator  end  of  armature  =^f  =  -  Tr. 

In  order  to  obtain  a  perfectly  symmetrical  winding,  the  number 
of  turns  per  circuit  T  should  be  such  that  - —  is  a  whole  number,  where 

m  denotes  the  number  of  slip  rings. 

Should  such  a  condition  not  be  fulfilled  when  the  initial  value 
obtained  for  T  is  adopted,  the  relation  between  T  and  *  should  then  be 
adjusted  so  as  to  meet  this  requirement 

When  the  equivalent  current  per  circuit  does  not  exceed  70  or  80 
amperes,  wire  of  circular  cross-section  will  be  the  most  convenient 
to  use,  but  for  currents  exceeding  ico  amperes  rectangular  wire  is 
necessary,  as  otherwise  the  space  wasted  by  interstices  becomes 
excessive.  The  current  density  in  the  armature  conductors  is  really 
determined  by  the  permissible  I^R  loss,  and  the  following  values 
represent  good  practice. 

Tarlb  XXXV. 
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Slots  and  Teeth. — The  number  of  slots  n^  should  be  chosen  in 
such  a  way  as  to  give  from  600  to  800  ampere-conductors  per  slot 
without  causing  the  flux  density  in  the  teeth  to  be  raised  to  too  high 
a  value.  In  settling  the  slot  dimensions  the  better  plan  is  to  start 
from  the  necessaiy  cross-section  of  iron  required  at  the  tooth  root,  and 
this  should  be  such  that  the  apparent  flux  density  at  this  section  does 
not  exceed,  about  22,000  lines  per  cm.'  in  normal  25  ~  conveners. 
With  machines  for  higher  frequencies  the  limit  set  to  the  hysteresis  or 
iron  loss  on  the  teeth  may  necessitate  a  smaller  value  of  tooth  induc- 
tion, because  otherwise  the  required  efficiency  may  not  be  obtained 
or  the  heating  of  the  machine  may  be  too  great.  With  an  assumed 
slot  depth  ranging  from  3.5  to  5.0  cms.,  according  to  the  size  of  the 
machine,  the  width  of  iron  /,  at  tooth  root  is  first  determined,  and 
from  a  knowledge  of  the  tooth  pitch  tp  the  slot  width  is  given  by  j  =  /j,  -  ty 
The  necessary  thickness  of  slot  insulation  is  then  determined,  and  the 
conductors  dimensioned  so  that  they  can  get  into  the  slot.  If  a  con- 
venient solution  is  not,  however,  possible,  the  slot  dimensions  must 
be  altered,  and  if  this  is  insufficient  the  iron  length  also.  Press-spahn, 
leatheroid,  and  micanite  are  the  insulating  materials  generally  used 
for  the  lining  of  the  slots, — these  materials  either  being  used  separately 
or  made  up  so  as  to  form  a  composite  insulation. 

The  thickness  of  the  lining  ranges  from  i.o  mm.  in  350-volt 
machines  to  1.5  mm.  in  machines  for  600  volts. 

Commutator  and  Brushes.  —  The  commutator,  which  is 
designed  essentially  to  provide  sufficient  bearing  surface  for  the  brushes, 
should  also  have  the  requisite  cooling  surface  to  radiate  the  heat 
generated  in  virtue  of  the  I'R  and  friction  loss. 

The  number  of  segments  N,  should  be  such  that  the  mean  voltage 
between  adjacent  segments  does  not  exceed  about  15  volts,  and  to 
meet  this  requirement  it  will  nearly  always  be  necessary  with  usual 
voltages  to  have  only  one  turn  per  commutator  s^ment  If  /  and  /, 
denote  the  width  of  segment  and  mica  insulation  respectively,  then  the 
commutator  diameter  will  be 

D,=M±i>cms. 

Dc  should  never  be  allowed  to  exceed  80  per  cent,  of  the  armature 
diameter,  as  otherwise  the  peripheral  speed  may  be  too  great  for  the 
carbon  brushes.  The  normal  values  of  /  range  from  4  to  6  mm.,  but 
for  mechanical  reasons  should  never  be  less  than  3  mm.  For 
machines  up  to  600  volts  on  the  D.C.  side  the  insulation  between 
segments  has  a  standard  thickness  of  0.7  mm. 

According  to  the  grade  of  brush  employed  and  nature  of  the 
armature  winding,  the  contact  area  between  the  brushes  and  the  com- 
mutator must  be  such  that  the  current  density  ranges  from  5  to  7 
amp^es  per  cm.'    In  multiple-circuit  windings  no  equalising  rings  can 
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be  used  as  in  the  case  of  D.C.  generators,  and  as  a  result  of  this  the 
current  may  not  divide  itself  equally  between  the  various  armature 
circuits,  and  some  brush  sets  may  hence  be  considerably  overloaded. 
With  multiple-circuit  armatures  it  is  therefore  advisable  to  choose  the 
current  density  of  the  brushes  somewhere  in  the  neighbourhood  of  the 
lower  limit  In  selecting  brushes  of  suitable  dimensions  one  is  gener- 
ally confined  to  certain  standards,  which  become  necessary  in  order 
that  the  same  brush  holders  should  be  used  for  different  sizes  of 
machines.  The  particular  brush  selected  should  not,  however,  have 
too  great  an  arc  of  contact,  as,  otherwise,  the  number  of  turns  under- 
going commutation  simultaneously  may  be  too  great  to  ensure  sparkless 
collection  of  the  current  The  length  of  a  brush  in  the  direction  <rf 
rotation  should  therefore  be  limited,  so  that  not  more  than  three 
segments  are  covered  by  the  brush.  A  length  of  commutator  is 
then  selected  so  that  the  required  number  of  brushes  can  be  con- 
veniently arranged  on  each  spindle. 

The  probable  temperature  rise  of  the  commutator  should  now  be 
estimated,  and  if  it  should  exceed  about  45°  C.  the  assumed  dimensions 
of  commutator  must  be  correspondingly  altered. 

Collector  Rings. — The  collector  rings  with  their  brush  gear  form  a 
very  important  part  9f  the  converter,  and,  owing  to  the  heavy  currents 
which  have  to  be  dealt  with,  must  be  very  carefully  designed.  It  is 
owing  to  the  possibility  of  trouble  arising  at  this  part  that  converters 
supplied  with  current  from  a  3 -phase  network  are  often  only 
provided  with  three  slip  rings,  even  although  the  armature  heating  <^ 
the  same  machine  wound  for  six  phases  is  considerably  less.  For  this 
purpose  very  soft  carbon  brushes  are  desirable,  as  they  can  then  be 
worked  at  a  current  density  approaching  20  amperes  per  cm.* 
When  the  contact  surface  has  been  calculated,  it  should  be  divided 
up  suitably  for  a  number  of  normal  brushes.  The  collector  rir^  is  then 
given  a  sufficiently  large  diameter,  so  that  the  brushes  can  be  arranged 
conveniently  round  it,  the  width  of  the  ring  being  slightly  in  excess 
of  that  of  the  brush.  In  calculating  the  current  carried  by  the  slip  ring 
it  must  be  remembered  that  any  wattless  current  must  also  be  taken  into 
account. 

Field  Winding^, — The  field  ampere-turns  at  no-load  and  full-load, 
denoted  by  AT,  and  AT  respectively,  are  next  calculated,  and  if  the 
converter  is  to  be  compounded  the  shunt  winding  will  be  given  by  AT, 
ampfcre-tums,  corresponding  to  the  no-load  voltage  and  the  series 
winding,  and 

AT  -  ■="  AT.  amp^re-tums 

corresponding  to  the  normal  full-toad  current  I,  where  E,  and  E 
denote  the  terminal  voltage  at  no-load  and  full-load  respectively.  The 
space  to  be  allotted  to  it  having  been  settled,  the  calculation  of  the 


DESIGN  OF  ROTARY  COJ^rERTEJtS  477 

shunt  winding  is  then  carried  out  in  the  usual  nay,  according  to  the 
formula 

'^'""aIIf;'*^  (S==P-39>) 
The  shunt  coils  will  invariably  be  wound  with  d.cc  round  wire,  for 
which  the  space  factor  F^  may  be  taken  as  ranging  from  0.45  to  0.55. 
In  calculating  the  series  winding  it  is  usual  to  assume  a  cuirent  density 
of  about  130  to  150  amperes  per  cm.,*  and  to  use  this  as  a  basis  for 
obtaining  the  size  of  conductor  required. 

Since  the  armature  reaction  cannot  be  calculated  with  very  great 
accuracy,  and  the  magnetic  properties  of  the  iron  on  the  saturation  of 
which  the  compounding  depends  are  for  the  most  part  not  exactly  known, 
from  10  to  20  per  cent,  is  sometimes  added  to  the  calculated  value  of 
the  amp^re-tums  at  full-load.  A  diverter,  which  is  nearly  always 
connected  in  parallel  with  the  series  winding,  would  then  be  relied  upon 
for  adjusting  the  amount  of  compounding  when  the  machine  is  com- 
pleted. In  order  to  compensate  for  any  variation  of  voltage  due  to 
the  alteration  of  the  temperature  of  the  exciting  coils,  a  regulating 
resistance  is  generally  connected  in  series  with  the  shunt  coils. 

Design  efa  \oo-K,  W.,  25  -^,  yphase  Compounded  Rotary 
Converter. 

Specification- 
Rated  output  from  D.C.  side  =-  400  K.  W.  ■ 
Frequency  of  supplied  alternating  current  =  as  — . 
D.C.  tenninal  volts  at  no-load  =  500. 
D,C.  terminal  volts  at  full-load  =  550. 
Full-load  efficiency  <(  95  per  cenL 
Temperature  rise  of  any  part  >  45*  C. 

D.C.  voltage  to  be  regulated  by  means  of  a  compound  field  winding 

and  chokii^  coils  in  series  with  the  lines. 

Assuming  a  sinusoidal  distribution  of  potential  over  the  commutator, 
E     .     «-    500   .     , 
«'"-  =  ^sm  60 


Increase  of  slip  ring  voltage  from  no-load  to  full-load  =  BEr=  30  volts. 

Direct-current  output  at  normal  load  =  I  = =  730  amperes. 

Assuming  the  iron,  friction,  and  excitation  loss  to  be  3.5  per  cent,  of 
the  output  h  "  1.035  ^^^  "^'^  component  of  the  line  current 


LJoogIc 
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Let  it  be  assumed,  with  consideration  foi  the  overload  capadtjr  of  tfae 
machine  as  a  synchronous  motor,  that  the  reactance  volt^e  \^a  in 
each  choking  coil  resulting  from  the  vatt  component  of  the  line  current 
!„„  has  not  to  exceed  30  per  cent,  of  the  slip  ring  voltage  Ej,  then 
I™r«  =  o.3  E,   (See  p.  448-) 
!>.,  r„  =  °'3  ^  337  ^Q,j  Q},m_ 
710 
With  this  reactance  the  alteration  of  the  wattless  line  current  from 
no-load  to  full-load  is 


=  -  — (  30  +  - — -^'^  )  -  320  amptre 


Suppose  that  the  average  load  on  the  converter  is  that  corresponding  to 

three-quaiter  normal  full  load,  then,  in  order  to  obtain  the  minimum 
heating  of  the  armature,  the  power  factor  should  be  unity  at  this  load. 
Hence  at  three-quarter  full-load  the  wattless  current  should  be  zero.  In 
order  to  obtain  this  the  wattless  line  current  at  no-load  should  be 
chosen  as 

I'ja/  =  o.7sx3zo=  -1-240  amperes, 
and  at  full-load 

!»,=   -0.25x320=    -Soamptres. 
the  signs  +  and  -  indicating  a  lagging  and  leading  current  respectively. 
Wattless  current  In  each  armature  circuit  at  no-load 


=  1'^: tj^ 

V"  ^y.t.^iC 

-t-46amp&rea. 

and  at  full-load 

m 

I.,     -*°„ 

,.   -.sannpires. 

3-2- 

Volt^e  required  at  secondary  terminals  of  step-down  transformer  from 
equation  126 

=  E,~E,  -I,.A.  +  %g^'=337  -  710x0-14+  ^~p  =  348  volts 

At  full-load 

Wattless  current _Ij„^_^  80  ^     ,i,==i 
Load  current    ~  I„     7 10 
Hence  value  of  ^  is  given  by 


8  f'-035'  +  o-'"') _  '6x1.035  =0.6 
3-  sin*  60  IT* 
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Main  Dimensions- — For  a  machine  of  this  size  and  frequency 
/  =  3  will  be  a  suitable  number  of  pole  pairs ;  hence  the  armature  speed 
in  revolutions  per  minute  will  be 

R    6o~_6ox25_ 
P  3  ^ 

From  the  curve  in  Figure  329  the  output  coefficient  f  =  2X  lo-";  hence 

DSL  =  ^■^-  ^^=    4°°  "  °-n    „  ,  ,  X  106 
'        f.R        2xio-«x5oo    3-'«'° 

Assuming  a  peripheral  speed  of  34  metres  per  second,  armature 

diameter  =  D  =  ^°JL?4  ,  ^^  ^ms. 


Gross  length  of  core  =  L,=^-^-  ^5.  =  38cms. 


Fig.  331. — Magnetic  ciicult  of  4O0-K.W.  rotary  converter  (all  dimensiom  in  cms.)- 
Lengths  of  magnetic  path  (per  pole). 

With  4  ventilating  ducts  each  1  centimetre  wide  the  net  length  of 
iron  =  L„  =  (38  -  4)  0.9  =  3 1  cms. 

From  Figure  330,  radial  depth  of  air-gap  =  o.  7  cm, 
Pole  pitch  at  face = t  =  """l^"*  =  48  cms. 

Circumferential  length  of  pole  shoe  =  0.7  x  40  =  33  cms.  The 
pole  shoe  is  laminated,  the  iron  stampings  being  riveted  together 
between  two  brass  plates  by  copper  rods  which  also  serve  as  damping 
coils.  A  dimensioned  drawing  of  the  magnetic  circuit  is  given  in 
Figure  33 1,  the  pole  cores  and  magnet  yoke  being  of  cast  steel. 

Pole  shoe  height  under  centre  of  pole  =  2.5  cms. 

Length  of  pole  core  =  25  cms. 

Cross  section  of  pole=  26  x  33  =860  cms.' 

Settling  on  a  maximum  flux  density  in  the  pole  core  of  14,000  lines 
per  cm.',  the  flux  in  each  pole  at  full-load  =  86ox  r4,ooo'»'i2  x  lo' 
lines. 


^jQOgk' 
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With    a    flux   density   in   the   yoke  of   12,000   lines   per    cm.', 

the  cross-sectional  area  of  yoke  = =  500  cms.* 

If,  for  the  present,  a  leakage  factor  =  t.15  be  assumed,  then  the  flux 
entering  the  armature  per  pole  will  be  approximately 


From  page  389,  permissible  flux  density  in  armature  core  = 
hence  radial  depth  of  armature  core  below  teeth 


axiooooxL,     2x10000x31 
Assumed  depth  of  slot  =  3.5  cms. 
Internal  diameter  of  armature  stampings  =  50  cms. 
Armature  ^AHndingr. — Terminal  voltage  at  full-load  =  550  volts. 
Assuming  3  per  cent  of  the  induced  voltage  to  be  consumed  in  the 
armature,  the  total  voltage  required  to  be  induced  at  full-load 
=  £,=  1.03x550  =  567  volts 
Number  of  turns  in  series  per  circuit 
_.j_E,xio»_         567X 
4  ~  *       4  X  35  X  n 


3=55 


In  order  that  the  number  of  turns  may  be  the  same  in  all  the  phases 
of  the  winding  it  is  necessary  that  the  quantity  —  should  be  a  whole 

number.  With  T  =  55  this  condition  will  not  be  obtained ;  hence  the 
number  of  turns  per  circuit  must,  say,  be  increased  to  57,  and  the  anna- 
ture  fiux  per  pole  reduced  correspondingly  to  10  x  10'  lines. 

Number  of  conductors  per  circuit  =  1 14. 

Total  number  of  conductors  =  C  =  684. 

Winding  pitch  at  rear  end  of  armature  =>-,  =  — ^-(-1  =  115. 
Windii^  pitch  at  commutator  end  of  armature  -^^  =  ~  -1  =  113. 
Each  slip  ring  will  be  connected  to  three  points  in  the  winding, 
which  are  distant  from  each  other  by  — ^  =  228  conductors ;  thus 

Slip  ring  A  connected  to  conductors  Nos.  t,  229,  and  457. 

»       B         „  „  „        77,  305,  and  533. 

„      C         „  „  „         rS3,  381,  and  609. 

Total  direct-current  output  at  full-load=  730  amperes. 

Current  per  circuit  =  i|?  =  iz2  amperes. 

Equivalent  current  per  circuit^  123  ^^=  122  x  0.77  =  94  amperes. 
From  page  472,  equivalent  current  density=  260  ampbres  per  cm.* 
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Slots  and  Teeth — Total    amp&re  conductors  on  armature^' 
684  X  133=83,000. 

Assuming  600  to  Soo  ampere  conductors  per  slot,  number  of  slots 
~  140  to  104. 

In  order  to  come  between  these  limits  with  an  even  number  of 
conductors  per  slot,  it  is  neces-  , 

sary   to  have    114    slots    and  '" 

6  conductors  in  each.  ,^ 

Assumed  depth   of   slot=  '"> 

3-5  cms.  ™* 

As  the  apparent  flux  density  "mins 

of  tooth  roots  should  not 
exceed  33,000  lines  per  cm.', 
the  area  of  cross-section  of  iron 
required  per  pole  at  tooth  roots 
should  not  be  less  than 

r> — loS— ^ 
i0_X_io_^  J  Fic_  332,_Slol  for  40oK.W.  connector. 

22,000        ^^^ 

Diameter  of  circle  passit^  through  bottom  of  slots  =  90  -  7  =  83  cms. 
Pitch  of  teeth  at  root  =  ^^ — -^  =  *-3  cms. 

Number  of  teeth  per  pole  -  ^~  =  1 9. 

Number  of  teeth  directly  under  pole  shoe  =  0.65  x  19  =  13.4. 
Allowing  for  fringing,  number  of  teeth  carrying  the  flux  from  each 
pole=  14. 

Width  of  tooth  at  root  =  -  i-^-^  -  =  1,05  cm. 
31x14 

[Nett  length  of  iron  in  tooth  =  L,  =  31.] 

Width  of  slot  =  2.3—  1,05  =  1.35  cms. 

Fitch  of  teeth  at  armature  periphery  =  ^---"=  3.5  cms. 

Width  of  tooth  at  top  =  3.5  -  1.25  =  1.25  cm. 

For  a  5so-volt  machine  the  thickness  of  insulation  for  lining  the 
slots  will  be  0.15  cms.    Assuming  the  conductors  in  each  slot  to  be 
arranged  3  abreast  and  2  deep,  and  that  the  rectangular  wire  is  covered 
with  braided  cotton  0.025  cm.  in  thickness,  the  width  of  conductor 
^..35-(3Xo.i5)-3(2X.o25)^^^^  cm. ; 

and  depth  of  conductor  =  ^'  ^  ~  °''*  =  i .  50  cm. 
Section  of  conductor=  1.5  x  0.35  cm.* 

r;   izcJbyGoOglC 
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By  Inserting  a  strip  of  press-spahn  between  top  and  bottom  con- 
ducton,  the  slot  of  the  depth  selected — namely,  3.5  cms. — will  then  be 
conveniently  hlled,  A  dimensioned  sketch  for  the  slots  and  the  teeth 
is  given  in  Figure  332. 

Commutator  and  Brushes.— With  one  armature  tum  per  seg- 
ment the  number  of  commutator  segments  =  ~  =  — ?  =  343.     Assuming 

for  the  width  of  segment  /— 0.5  cms.,  and  using  0.7  mm.  mica  for 
insulation  between  s^ments,  the  diameter  of  commutator  will  be 

D,=  -i-"- _—'-'  = -ii ?-i  =  6a  cms. 

The  f)eripheral  speed  corresponding  to  this  diameter  is  16.5  metres 
per  second,  a  value  which  is  not  excessive. 

If  the  brushes  be  worked  at  a  current  density  of  about  5  amperes 
per  cm.*,  the  contact  area  necessary  for  either  the  -i-  w  or  -ve  brushes 
E  Z3_  — 1^6  cms.* — i.t.f  about  48  cms.*  per  brush  spindle.     In  order  to 

be  narrower  than  the  pitch  of  4  segments,  the  circumferential  width  of 
a  brush  will  be  about  2.0  cms.  A  very  convenient  size  of  brush  is  one 
having  a  length  of  about  4  cms. ;  hence,  with  a  contact  area  per  brush 
of  I  X  4  cms.*,  six  brashes  will  be  required  per  spindle.  The  useful 
length  of  the  commutator  must  therefore  be  about  30  cms.  Brush 
pressure  adjusted  to  100  grammes  per  cm.* 

Collector  Ring^S. — Total  wattless  current  at  full-load  =  80  amperes. 

Total  current  entering  each  slip-ring=  j^/7io*  +  8o*=7io  arapferes. 
Soft  carbon  brushes  will  be  used  to  lead  the  current  into  the  rings, 
and  since  these  can  be  worked  at  a  current  density  of  about  10  ampferes 
per  cm.*,  the  contact  area  required  per  ring  =  T—~  =  40  cms.'  Arrange- 
ments will  be  made  for  4  brushes  of  2.5  x  4  =  to  cms.'  per  ring.  The 
voltage  drop  under  2  brushes  in  series «i. a  volts;  i.e.,0.6  volt  per 
ring.  The  I'R  loss  per  collector  ring  is  therefore  740  x  0.6  s£  450  watts. 
With  adiameterof  ring  =  3S  cms.  the  surface  speed 


"35x50' 


*  9.5  metres  per  second. 


If  the  pressure  on  the  brushes  be  adjusted  to  o.i  kg.  per  cm.',  and 
a  coefficient  of  friction  for  carbon  of  fi.<^o.2%  be  assumed,  then  the 
friction  loss  per  ring  becomes 

W  -  9.81 .  A  .  p  P .  /L  watts.     (See  p.  452.) 

=  9.81  X40X  9.5  xo.i  xo.25  =  93ir  100  watts. 
Total  loss  per  ring  =  450+  100=550  watts. 

Assuming  a  heating  coefficient  K,.=  q.9,  and  a  temperature  rise 
limited  to  45' C,  then  the  surface  required  per  ring 


.  .t>(>t^le 
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hence,  width  of  each  ring  =  J>S—=  e.o  cms. 

Armature  Reaction  per  Phase  tj,.— Inductance  due  to 
slot  leakage  is 

L,  =  o.4tC*.^.  (-  +  -») xio-e    (Seep.  2S5-) 
where  ^,=.2(38 -4)  =  68  cms.,  ^=1.25  cm.,  C  = 'T  =  ?JLS7  =  38_ 

"    p.m     3x3 

In  a  rotary  converter  winding  a  group  of  conductors  belonging  to 
any  given  phase  are  located  in  either  the  upper  or  lower  portions  of  the 
slots,  and  for  this  reason  the  values  bf  d  and  i/j  in  the  above  equation 
should  each  be  made  equal  to  one-half  the  slot  depth;  i.t.,  d=d^ 
=  i.7S  cm. 

L,  =  o.4ff.38».  -.  (-I.l.S_  +  I:75\x, 0-8=  ig.ox,o-&  henries 

Inductance  due  to  tooth  head  leakage  is 

? 
In  calculating  4'  only  those  slots  which  lie  between  the  pole  tips 
need  be  considered ;  hence, 

o-.-!OT_o.30X48_.^- 
t,  2.S 

and4'=log(i+^)  +  3iS  +  6  1<^   ^- 

0=-i.5andr  =  T.-^  =  48  .1  =  3^ 

Hencei'  =  l<^(i+^^^)  +  3-iS  +  6  'ogr~3-*-8 

and  L,  =  0.92x5-  x68x6.8x  io-*-5i  xio"*  henries. 
Inductance  due  to  end  leakage  is 

L,  =  o.46 /. .  C^  [log^ -0.5]  X  io-» 

/,'^z.Sr=  2.5x48  =  120  cms., 

L,-o.46x  120x38!!  [log  '^--o-s]  J'  io'*  =  64xio-s  henries. 
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Total  inductance  per  phase 

L=i34x  lo-' henries 

Hence  /•,=  air~-L=— ^ 5= — 52  =  0.21  ohm, 

10° 

Excitation  at  No-load. — At  no-load  the  E.M.F.  to  be  induced 
in  each  annature  circuit  is 

=  500  -1.414  X  i4oxo.:i  =460  volts, 
for  which  there  is  required  a  flux 


Ea,x  10^^  460  X  1 
4T~     '"4><57x 


=  8.3X 


'  lines. 


With  an  assumed  leakage  factor  of  r.15  the  flux  to  be  generated  in 
eadi  pole  at  no-load  =  8.3x  lo')*!. 15  =  9.5  x  10*  lines.  ^^^  ampfcre- 
turns  required  to  drive  this  flux  through  the  magnetic  circuit  have  been 
calculated  and  tabulated  below.  In  working  out  the  air-gap  ampfere- 
turns  the  ideal  pole  breadth  has  been  assumed  to  be 
b,-^i.\  X  pole-shoe  arc. 


Aimalure  care 

Soo 

TMth   . 

455" 

Air-fpp 

■     1=36x35 

Pols  core       . 

850 

Yoke    . 

500 

17500   j       75 
6500  I  [^=1.1] 


5'= 

E° 

f 

s? 

v"o 

Id 

i,   « 

i"- 

^^ 

i<^ 

40 

100 

50 

7 

500 

250 

2x0.7 

8zoo 

4100 

50 

600 

300 

Amp&re-tums  required  per  pole  =  AToj  =  5000. 

The  magnetising  ampfere-tums  due  to  the  wattless  current 


AT„  =  0.45  .  Aj  ■  '«  ■  Ti  I'w 


-0.45  X 0.83  X3X 


LLS7, 


46x0.81: 


Field  magnet  ampere-turns  at  no-load 

AT„  =  AT„,-AT„- 5000- 1600-3400. 
*  Area  at  bottom  of  teeth. 


■izcdb,  Google 
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Excitation  at  Full-load. — Resistance  of  the  armature  winding 
at  60'  C., — i.e.,  allowing  for  a  rise  of  40°  C 

=  R   -  1-7  X  'o-*-  -t  ■  /,  •  T  (i  +0.OO4  T) 


'=i-3>T  =  57,  T°  =  40,  0=1.5x0.15  =  0.375,  ?,-6, 
and  4^2  L,  +  2.ST=2  X38  +  a.s  X48  =  76+  120^200  cms.' 


X57  (1+0.004x40) _ 


>i3  ohm. 


6x0.375 

E.M.F.  to  be  induced  at  full-load  (see  p.  449). 
E,=  E  +  I{./^R,  +  R,)  +  Ei-  ^21,,;^^ 
E  =550,  1  =  710,  0  =  0.6,  I.,=  -i5,  r,=  o.2i. 
E,=  1.75  (from  Figure  323). 
Assume  for  the  present  that  R,^  o.iR„  =  o.ooi3  ohm. 

E,  =  550 +  7io(s/o:6x  0.013 +  0.0013)+ 1. 75+  'y2x  15x0.31 
=  564  volts. 
This  value  agrees  very  closely  with  the  assumed  value  £,  —  567  on 
page  480.   From  page  480  armature  flux  per  pole  at  full-load  =  10.4  x  lo' 
lines,  for  which  there  is  required  the  following  amp^re-tums. 


Ainuilure  a. 
Teeth    . 

i  Pole  core 
Yoke     , 


Amp»ie.tunis 

Ampere 

per  Pttii  of 

1600 

5000 

1400 

700 

Ampere-turns  required  per  pole  =  ATj  =  8000. 
Demagnetising  amp^re-tums  due  to  the  wattless  current 

ATd„  =  o.45  X  0.83  X  3  X  ?.M2x  15x0.81  =  500. 

Field  magnet  amp^re-tums  at  full-load 

AT  =  ATi  +  ATdm  =  8000  +  500  =  8500. 
Field  Windings. — Shunt  ampfere-tums  at  no-load  =  3400. 
Shunt  amp^re-tums  at  full-load  =  AT,A  =  34oox5^--'=375o. 

Series  ampfere-turns  at  ftill-load'°AT„  =  85oo- 3750  =  4750. 
Assumed  space  factor  of  shunt  coil  =  F,,*  =  0.5. 
Assumed  space  factor  of  series  coil  (strip  winding)  =  F„,  =  0.75, 
Length  of  field  winding  space  (shunt +  series)=  24  cms. 


jOOglc 
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On  basis  of  equal  current  density  in  both  windings,  ratio  of  length 
available  for  shunt  coil  to  length  available  for  series 

^AT»     F„,  ^3750     ?i7S  =  i,8cms 
AT„  ■  F„^     4750  ■   0.5        ■ 
Hence 

■Length  for  shunt  coil  =  13  cms. 

Length  for  series  coil  =  24-13=11  cms. 

Depth  of  winding  space  assumed  as  4  cms. 

Shunt  Coils.— Watts  per  coil  =  W,^  =  -  -  '^ '  p"- —'* 
L=  1.4  metre,  A.=  1.3  x  0.4  =  0.52  dcm.^ 

■I  7  no* 

P-'^ — —150  watts. 

On  the  assumption  that  10  per  cent  of  the  voltage  applied  to  the 
field  windii^  is  absorbed  in  the  shunt  regulating  resistance, 
Volts  perspool  =  5S°~S?  =  83. 

Shunt  exciting  curTent  =  I^*=i5£  =  i,8  amperes. 

Number  of  shunt  turns  per  pole  =  3 '5?=,  2100. 

Sectional  area  of  wire  =  2 1^  =  0.0125  cm.' 

3 100 

Nearest  standard  wire  =  No.  i8=-o.oii7  cm.* 

Actual  current  density^  —^ — =  154  amptres  per  cm.* 

Resistance  of  shunt  winding  =  5—-  =  280  ohms. 

Series  Coils. — Assuming  about  20  per  cent  of  main  current  to 
be  passed  through  a  diverter,  current  in  the  series  coils  at  full-load  = 
600  amperes. 


Cross-section  of  winding  space  =  11  x  4  =  44  cms.* 

Cross-sectional  area  of  conductor  =  ^-'*?^  =  4.i  cms.* 

For  such  a  heavy  current,  strip  winding  will  have  to  be  used ;  hence 
size  of  series  conductor^  4  strips  in  parallel  each  4  x  0.255  cm.' 
Thickness  of  press-spahn  insulation  between  turns -0.3  mm. 
Losses,  Heating,  and  Efficiency  at  Full-load. — 
(i)  Armaiure.—M^ss   of  armature    teeth  =  1.15  x  3.5  X31  x  114  x 
0.0078  =  110  kgs. 

Mean  dux  density  ~  20,000. 

From  Figure  241,  (-=0.29,  /S=I.3S- 
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Iron  loss  in  teeth  =  ltgs.~f  .y3=iiox  25  x  1.35  x  0.29  =  1 100  wattSj 
Mass  of  armature  core  =  T  ^  3  ~  5    J  ^  j,  x  0.0078  =  840  kgs. 


Flux  density-  10,000,  hence  ^=0.1 

Iron  loss  in  core  =  840  X25  x  1.35  xo.i  -^3000  watts. 

Total  core  1055  =  1100  +  3000  =  4100  waits. 

Armature  copper  Ioss  =  ^PR.  =  o.6  x  710^x0.013  =  4000  watts. 

Copper  loss  within  slots  =  4000  x  ^— =  1300  watts. 

Total  loss  between  core  flanges -W.s  5300  watts. 
Cooling  surface  of  armature 

=  A,  =  ^(90»-SoS)6  +  38x^(9o+so)  =  43,2oocms.« 
=  433  sq.  dcms. 
W. 


Temperature  rise  =  T  =  Kl. 


A,(n-o..z.) 
v=  24  m./sec ;  hence,  assuming  K,  =  10.5, 
r=io.sx— i3^     =36"C. 

432(1+2.4) 

(2)  Commutator. — Loss  due  to  brush  contact  resistance  =  W„  =  I .  E* 
=  710  X  1.75  =  1250  watts. 

Friction  loss  =  W,/=  9.81  », .  P  .  A  .  /t. 

A  =  8x6x6  =  38o   cms.*,    11=16.5   m./sec,    P  =  0.1  kg.,    and    /i 
(assumed)  =  0.25. 

W^=9.8i  X  16.5  xo.i  X  380x0.25  =  1500  watts. 

Total  commutator  loss  =  W,=  1300+1500  =  2800  waCU. 

Radiating  surface  =  A,  =  jrD.L,  =  ir  x  62  x  30  =  5900  cms.* 
=  59  dcms.' 

Temperature  rise  =  T°  =  a 


2S00 


Collector  Rings. — From  page  482,1053  per  ring  =  550  watts. 

Total  loss  at  collector  rings  =  3x550=  1650  watts. 

Excitation  Loss — 

Shunt  exciting  current  =  1.8  amp&re. 

Loss  in  shunt  circuit  (resistanceincluded)  =  550  x  1.8=  1000  watts- 
Loss  in  resistance  =  0.1x1 000  =  100  watts. 
Loss  in  shunt  coils  =  900  watts,  i.e.  150  watts  per  coil. 
Resistance  of  series  winding  at  60°  C. 

R  _'-7xio''.^.T„. (1+0.004  T°) 


i4ocms.,  T„  =  6x8  =  48,  11  =  4.1,  T*  =  4o. 

,  1. 7X10-*  X  140x48(1 +  0.004x40), 


,  Google 


ALTERNATING  CURRENT  MACHINERY 

Loss  in  series  winding  =  I^R,"=  600' x  0.0033  =  1150  watts. 

Loss  in  diverter=iiox6ooxo,ooa»  =  2io. 

Total  loss  in  series— 1360, 

Loss  per  series  coil  =  230  watts. 

Total  excitation  loss  per  coil-=  W„=>  150+  230  =  380  watts. 

Radiating  surrace  per  coil  =  A„  =  37  dcms.^ 

W_^        380^ 


Estimated  temperature  rise  =  K„ . 


A„ 


37 


=  40°  C. 


Armature  iron 
„       PR 
Commutator  I«R   . 
„          friction 
Collector  ring 
Shunt  excitation     . 

=  4100  wat 
=  4000     „ 
=  1300     „ 
= 1500     » 
=  1650     „ 

Series  excitation     . 
Bearing  friction  and  win 

Total  estimated  \ 

d^e 

'I 

>ss~ 

otal  . 
18.9  K.W. 

-1360     „ 
=  4000     „ 
.8?.o     „ 

Hence  full-load  efficien 

C7  = 

400 

=  95.5  per  cent 

The  efficiency  required  from  the  specification  is  9s  per  cent,  hence 
a  slight  margin  is  left  for  contingencies,  such  as  eddy  current  losses  in 
amortisseurs,  which  itself  will  amount  to  about  0.5  per  cent 

EXAMFLES   OF   DSSIGNS 

In  Table  XXXVI.  there  is  tabulated  the  design  daU  of  three 
rotary  converters  having  the  following  outputs : — 

Design  No.  i 165  K.W. 

„       No.  3 500     „ 

„      No.  3 700     „ 

The  voltage  of  machines  Nos.  i  and  2  is  regulated  by  a  compound 
winding  along  with  a  series  resistance.  In  the  700-K.W.  converter  the 
regulation  is  obtained  by  means  of  a  synchronous  booster,  the  armature 
of  which  is  connected  between  the  slip  rings  and  the  armature  winding 
of  the  converter. 
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DESIGN  OF  ROTARY  CONVERTERS 


Table  XXXVI.— Dksign  Data  of  Thsse  Rotary  Convertbrs, 

(All  Dimensions  in  Cms. ) 


Desgn  Number        .         .         . 

, 

2 

3 

Detail  Drawings 

Plate  XV. 

Plate  XVI. 

— '■    ■    •     I 

Cromplon  & 
Company. 

Urilish 
Company. 

General 
Electric 
Company. 

SpcHfic^um- 

Rtttrf  output  in  K.W.  . 
Number  oT  phases. 

i6s 

55° 

700 

3 

3 

6 

Speed  in  R.P.M.  . 

500 

500 

500 

D.C.  wnninal  volts  (no-load) 

Soo 

500 

460/550 

(rull-lood) 

550 

SSo 

350 

345 

Kuli-Ioad  current  (D.C.  Mde). 

300 

1,000 

1,270 

„        (A.Cside). 

390 

950 

6bo 

Number  of  poles   . 

6 

8 

Frequency     .... 

35 

33i 

SO 

Armature  Core— 

ExtemaJ  diameter . 

66 

ic6 

140 

Internal  diuneter  . 

36 

64 

97 

Gross  length  between  flanges. 

18 

32 

a? 

Number  of  vent  ducts. 

3 

3 

Nettlei^ihofcore 

15 

Number  of  slots    .        . 

66 

0° 

2S2 

Armaluri  (Vinding— 

8 

Turns  in  senes  per  circuit 

i6s 

48 

4Z 

Number  of  drcnils 

1 

Size  of  conductor  (bare) 

a.3'<o.ii6 

1.9x0.2 

Slot  space  factor   . 

0.3 

Direct    current     per     circuit 

(ampires)  .... 

ISO 

125 

Equivalent  current  per  circuit 

(arapires).         .         .         . 

Equivalent     current    density 

120 

95 

Mewlength  per  turn    ^        \ 

400 

350 

140 

Reastance  of  winding  (ohms) 

0.S 

0.0047 

Turns  per  commutator  segment 

I 

I 

Diameter      .... 

5° 

n 

75 

Length          .... 

13-3 

29 

27 

Number  of  s^ments      .         . 

329 

384 

504 

Width  of  segment  at  periphery 

0.4 

0-53 

oV 

Br«sAes  {D.C.  lade)— 

Number  of  spindles 

6 

8 

Brushes  per  spindle 

Width  of  brash      . 

3 

5 

6 

2.5 

3.8 

Length  of  brash  arc 

1.9 

'■3 

Current    density  in   amperes 

per  cm.'    .... 

S-8 

6.0 

7 

Volts  drop  over +i«  and  -rt 

brushes      .... 

1.8 

1.7 

a-as 
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ALTERNATING  CURRENT  MACHINERY 
Tablb  XXXVI,  {omtiHuaf}^ 


Design  Number        .         .         . 

. 

2 

3 

Detail  Drawings 

Ilale  XV. 

Plate  XVr. 

1 

British 

General 

Manufacturer    .         .         .         j 

Crompton  & 
Company. 

Westinghouse 
Company. 

Electric 
Company. 

Brw/Ur  (A.C.  side)— 

I 

Spindles  pec  ring  . 

'            1 

Brushes  per  spindle 
Widlh  of  brush      . 

3 

»-5 

5.0 

5-0            ] 

Length  of  brush  arc       .         . 

1.9 

3-1 

1 

Current    density   in   amperes 

1 

pet  cm.'    .... 

30 

ao 

30           1 

Air-Caf- 

Radial  depth 

0.47 

0.8 

0.5 

FitU  Magnel  IroH— 

1 

Pole  pitch  at  air-gap      . 
Pole  arc-^pole  pitch      . 

y 

42 

!? 

0.65 

0.75 

0.67 

Width  of  pok  parallel  to  shiJi 
Breadth  of  pole  normal  to  shaft 

305 

/Diam.  of  pole 
\     core  =  2S 

16 

32-5 

Radial  length  of  pole  and  shoe 

30-4 

zz-S 

Cross-sectional  area  of  yoke  . 

400  cm.' 

700  cm.' 

900  cm.' 

Poles  of        .... 

Laminated  iron 

Cast  steel 

Magnet  ring  of 

Cast  iron 

Cast  steel 

Castsleel 

ShMnI  Field  IVinding- 

Tums  per  cral       .         .         . 

1640 

1050            ! 

Size  of  wire  (bare) 

diam.=o.l4J 

diam.  =0.305 

diam.  =0.334   1 

Radial  depth  of  winding 
Cross-section  of  winding  space 

sA 

7 
7x15 

3-7            ' 
3.7x10 

Space  factor . 

Nftan  length  per  turn    . 

0.35 

0.37 

0,6            1 

160 

95         ' 

Full-load  cutrenl  (ampires)   . 

3-5 

6 

7           1 

Current    density  in   ampires 
per  cm,'    .... 

IBS 

161 

Resistance  (warm)  in  ohnns    . 

T08 

75 

Siric!  Fittd  Winding- 

1 

Turns  per  coil 

Siie  of  wire  (bare)         .         . 

S 

31 

3(3-iS>'o-'« 

5x1.3 

Full-toad  current  (ampires)   . 

375 

Current    density  in   empires 
RcHslance  (warm)  in  ohms    . 

180 
0.003s 

0.001465 

Magiutic  Data  (full-load)— 

Flux  per  pole        . 

3.54x10- 

8,6  X  lo" 

Leak^e  coefficient 

1.15 

.'■'5 

Flux  density  in  armature  core 

IZ,O00 

8,500 

,,                ..            teeth 
(maximum)     . 

19,000 

„               m^^et  poles. 

13.500 

[O,000 

..       yoke, 
at  air-gap  , 

5,000 
8,000 

14,000 

8,400 

._   1 
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DESIGflr  OF  ROTARY  CONVERTERS 
Table  XXXVI.  {eeHtinucd)— 


Design  Number 

3 

3 

Detail  Drawings 

riate  XV. 

Plate  XVI. 

1 

Crompton  & 
Company. 

British 

General 

Manufwlurer    .        .        .         - 

Westinghouse 
Company. 

Electric 
Company. 

lj,susaudSacieniy{fan.\oiA)— 

Core  loBs  in  watts. 

5,000 

6,350 

Armatuie  I'R  loss  in  watts    . 

3,500 

1,900 

Commulalor  I'R  loss  in  watts 
Collector  ring  I'R  loss  in  witls 

© 

..960 

Brush  friction  loss  in  watts     . 

750 

S,740 

Shunt  eicilalion  in  watts 

1,000 

3.»3o 

Series  excitation  in  watts       . 

170 

1,460 

i.Soo 

3,960 

Total  loss      ...         . 

I3.4«> 

25,600 

Efficiency      .... 

9^7. 

95- S  7. 

Cmzltmli— 

Output  coefficient . 

in/sec.        .... 

17.0 

27.  s 

36 

m/sec 

130 

19.S 

19-5 

Ampere-conductors  per  cm.   . 

470 

290 

330 

Air^p  Hax  density 

8,000 

8.400 
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ALTERNATING  CURRENT  MACHINERY 


TABLE  OF  PROPERTIES  OF  COPPER  WIRES. 


3: 


0,4600,5150),; 

0,560  Q,63CO  ),b«Kflo.; 
ctSo  0,7300  i,j8i»]a,t 


jj°;«ns=:; 


1t"!o5^     ■ 
^B  0,0406 


= 

n 

%.l 

^i 

s 

s 

o,™,»s 

°.i) 

o,a»3M 

>.»< 

:::u; 

».») 

ftiBjci 

1>.7= 

cCjii 

70.  io 

r« 

3i.40 

"'iB 

££ 

SiS 

<|6.< 

3»6o. 

Si(iv. 

36*oo« 

D,j.,.db,Googlc 


INDEX 


Ageing  of  Transformers,  104. 
Air,  Calculation  of  Cooling,  337. 
Air  Gap,  335,  243,  389,  473. 
Alloyed  Iron,  109,  172, 
Alternators — 

Armature,  Heating  of,  333. 

Compoundicg,  293. 

Designs,  400. 

Earthed  Neutrals,  375. 
EHiciency,  3*0,  399. 

Examples  of,  404. 


Har 


^"5- 


Heating  and  Cooling,  331,  335, 

Losses  in,  307,  398,  410. 

Mechanical  Conslraction,  191. 

Parallel  Working,  343. 

Polyphase,  366. 

Regulation,  250,  408. 

Short  Circuiting,  301. 

Sbgle- phase,  266. 

Slow  Speed,  193. 

Testing,  322, 

Three-phase,  aaj,  375,  392. 

Turbo,  200,  335,  404. 
Ampdre  Turns,  Calculation  of,  330. 
Analysis,  Harmonic,  7. 
Analysis  of  Periodic  Curve,  13,  15,  19. 
Aimaiure — 

Alternator,  333. 

Core,  330,  242,  388. 

Demagnetising  M.M.F.,  361. 

Eddy  Current  Loss,  313. 

Flui,  38S. 

Healing,  410,  427. 

Hysteresis  Loss,  243,  309. 

Inductance  of,  252. 

Insulation  L(ms,  51. 

Loss,  319,  315- 

M.M.F.,264,  396. 

Re»ction,  250,  188,  437,  483, 

Siie  of,  378. 

Teeth,  3r9,  331. 

Windings,  206.  38s,  393,  404,  435, 


139. 


480. 

Auto-transforrner , 


Balancer,  Static,  461. 
Behn-Eschenburg's  Method,  2 
Behrend's  Heat  Test,  33S. 
Boosters,  14'- 
Boosting  Transformer,  140. 
Breadth  Factor,  217,  437. 


Breakdown  Voltage  of  Insulation,  31. 
Breakdowns,  Insulation,  55. 
British  Electric  Plant  Co.  AUemalot,  400. 
British  Westinghouse  Rotary  Conrerter, 

489. 
Brush  Electrical  Engineering  Co,  Turbo- 
alternator,  412. 
Brushes,  199,  475,  482. 

Calculation  of  Aii  for  Cooling,  337. 

Alternator  Dimensions,  383. 

Ampere  Turns,  230, 

Armature  M.M.F.,  364. 

Inductance,  253. 

Inductive  Drop,  90. 
Carbon  Brushes,  Resistance  of,  450. 
Case  and  Cooling  Worm,  177 
Choking  Coils  Reactance,  445. 
Circuits,  Equivalent,  87. 
Clampfor  Turbo-alternator  Winding,  301. 
Cloths,  Impregnated,  43. 
Coefficients,  Design,  160. 
Coils,  Choking,  44;. 

Cylindrical,  72,  84. 

EhuDping,  3&3. 

Field,  199,  332,  39S. 

Meclmnical  Stress  on,  78. 

Series,  486. 

Shunt,  486. 
Collector  Kings,  476,  482,  486. 
Collector  Ring  and  Friction  Loss,  451. 
Commutator  Friction  Loss,  451. 
Commutator  Loss,  449. 
Commutator,  Rotary  Converter,  475,  483. 
Complex  Wave  Fortns,  l- 
Compounded  Rotary  Converter,  477. 
(^Compounding  of  Alternators,  293. 
Concentric  'mnsformer  Windii^,  71. 
Conductors,  Size  of,  386. 
Connections,  Converter,  454. 

Transformer,  132,  135. 
Constants  for  Loss  in  Armatures,  433. 
Converter  Armatures,  Loss  in,  433. 
Converter  Ratios,  434. 
Converters,  Rotarj;,  419. 
Cooling  and  Heating,  Alternators,  331- 
Cooling  of  Transformers,  120,  133,  177. 
Copper  Loss,  102,  143,  146,  3I9,  325. 


Core 


1.315- 


Core  Transformer,  1 5 1 ,  1 54,  1 56. 
CorC'lype  Transformer,  Ul,  74,  148. 
Crompton  Alternator,  4OO. 
Ciompton  Rotary  Converter, 
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Cioos-nugnetising  M.M.F.  of  Armature, 
361. 

Current  Densities,  387. 

Waves,  20,  St. 
Cyclic  Irr^ularity,  371. 

DuDping,  368. 

Demagnetising  M.M.F.  of  Armature,  z6t. 

Designs  of  Alternators,  400. 

Rotary  Conveners,  467,  489. 

TransformeTS,  143,  179. 
Dick,  Keir&Co.  Transformer,  181. 
Dielectric  Strength,  ERect  of  Tempera- 
ture, 47- 
Dieleclhc      Strength      of      Insulating 

Materials,  35. 
Dielectric  Strength,  Test  for,  29. 

Variation  nf,  34. 
Dielectric,  Stress  on  a,  sG. 
Dielectrics,  Testing  Apparatus,  34. 
Dimensions  of  Alternator,  3S3. 

Kotary  Converters,  470,  479. 

Transformers,  160. 
Disruptive  Strength  of  Mica,  38. 

Earthed  Shields,  77, 

Eddy  Currents,  105,  313,  316. 

Effect  of  Secondary  Current,  65. 

Effective  Value  ofComplei  Quantities,  23. 

Efficiency,  Alternator,  31D,  399. 

Converter,  453. 

Tests,  116. 

Transformer,  169. 
Electric    Construction    Co.    Alternator, 
400. 

Transformer,  188. 

Turbo-alternator,  413. 
Electrodes,  Shape  of  Testing,  29. 
E.M.F.  Equations,  63,  215. 

and  FIui  per  Pole,  394,  405. 

Waves,  37,^ 
Energy  Lc«s  in  Insulating  Materials,  46. 
Engine  Governor,  Effect  of,  349. 
Epstein's  Iron-testing  Apparatus,  113. 
Equivalent  Circuits,  Tnuuformer,  87. 
Examples  of  Alternators,  404. 

Rotary  Converters,  467,  489. 

Trandbrmers,  143,  179. 
Excitation,  352,  484. 
Eicitation  Ix)ss,  319,  325. 
Exdters,  300,  294. 
Exdtbg  Coils,  Calculation  of,  391. 

Current,  297. 

Feisenden's  Experiment,  28. 

Field  Coils,  199,  332,  39S. 

Field  Windings,  399,  409,  47*.  485. 

Flux  Densities,  Core,  389, 

Fly  Wheel,  Siie  of,  364. 

Form  Factor,  216. 

Formula  of  Core  Losses,  315. 

Four-phase  Converter,  421. 

Windings,  437. 
Free  Oscillations,  355. 
Frequency,  39. 


Frequency  of  Harmonics,  izz 

Rotary  Converters,  467. 
Friction  Losses,  32S,  451. 

General  Electric  Co.  Alternator,  400. 
General  Electric  Co.   Rotary  Converter, 

489- 
Gradient  in  Insulators,  Potential,  27. 

Haimonic  Analysis,  7. 
Harmonics,  119,  223,  33J. 
Harmonics,  Even,  2. 

Odd.  4. 
Heating,  Alternators,  331. 

Armature,  410,  427. 

Converlers,  452. 

Tests,  130,  337. 

Transformers,  izo,  164,  175. 

Turbo- alternators,  335. 
Holilscher's  Insulation  Tests,  39. 
Hopkinson's  Test,  326. 
Horn  Fibre,  40. 

Huntitw  of  Allemators,  357 ;  Convcrlcis, 
458. 


Impedance,  Synchronous,  37S. 
Impregnated  Cloths,  43. 
Impr^nated  Paper,  40. 
Inductance,  Calculation  of,  353. 

Due  lo  Leakage,  254,  356,  258. 
Inductance  of  Altemalor  Armature,  2S*' 
Induction  Booster,  143. 
Inductive  Capacity,  17. 

Circuit,  21. 

Drop.  90,  177. 
Insulating  Materials,  37. 

Dielectric  Strength,  3J. 

Energy  Loss,  46. 

Tests  on,  45. 
Insulation,  36. 

Breakdowns,  55. 

si»i,  s;- 

Slator  Windings,  57. 

Tests,  61. 

TiansTormer  Windings,  52. 
Internal  Phase  Angle,  274. 
Inverted  Rotarics,  465. 
Iron,  Ageing  of  Sheet,  105. 

Alloyed,  109,  172. 

Losses,  103,  145,  307,  323. 

Magnetisation  Curve,  79. 

Space  Factors,  ijo,  158, 
Iron  and  Friction  Losses,  328. 

Johnson  &   Phillips  Transformer,    179, 


Kapp'sTest  Tor  Armature  Reaction, 

Leakage,  Armature,  354,  356,  358. 
Coefficient,  339,  344. 
Factor,  397. 
Magnetic,  66,  83,  85. 
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LrakageRcBctancc,  Measurement  of,  391. 

Ldttherotd,  40. 

Losses,  Allern&tor,  307,  39S,  41D. 

Armature  losulalion.  51. 

Roluy  Converter,  449,  486. 

Transformer,  tot,  117. 

Magnet  Core,  39a 

Ring,  39"- 

Yoke,  343- 
"  gnetic  C&ci   ,    , 
^culatioDs,  236. 

TisnsfoTinei,  161. 
Magnetic  Leakage,  66,  S3,  S8,  139. 
Magoetisatioa  Curve,  79,  2zS. 
Magnetomagnetive  Force,  364,  396. 
Measurement  of  Leakage,  391. 
Mechanic&t  Losses,  330,  335. 

Pressure,  29. 

Stress  on  Coils,  78. 
Mica  and  Mica  Compounds,  37. 
Moisture  and  Temperalure  on  Disruptive 
Strength,  Influence  of,  31. 

Network  Angles  for  Transformers,  138, 

No-load  Current,  jS. 

No-load  Current  and  Power  Factor,  163. 

Oerlikon  Transformer,  185. 
Oil-immersed  Transformers,  133- 
Oils,  43. 
Oscillaiion  of  Alternators,  357,  373- 


Paper,  Impregnated,  40. 

Parallel  Working  of  Alternators,  34»- 

Converters,  457. 
Parson's  Tuibo-allemator,  417. 
Periodic  Curve,  Analysis  of,  13,  15,  19. 
Perry's  Method  of  Analysis,  8. 
Phase  Displacement,  353,  371. 
Pole  Core  and  Yoke,  241. 

Rotor,  xaz. 
Pole  Shoes,  198,  313,  390. 

Losses  in,  316. 
Poles,  197,  46S. 
Polyphase  Alternator,  366. 
Potential  Gradient,  17. 
Power  Factor  of  Tiansformeis,  163. 
Power  Factor  of  Circuit,  34, 
Press- spahn,  39. 
Pressure  Tests,  J2, 

Mechanical,  39. 
PHmaries,  Connection  of,  132, 
Primary  Current  Wave,  81. 
Pulsation  in  Voltage  of  Converter,  448. 

Ratio  of  E.M,F.  and  Current  of  Con 
verter,  419. 

Transformation,  63. 
Reactance,  Choking  Coils,  445. 

Leakage,  393. 

Vollage,  88,  353,  359. 


Cur     . 

Determination  of,  276. 

Diagrams,  98. 

Inherent,  397. 

Test,  383. 

Transformer,  87,  164. 

Voltage,  442. 
Resistance,  Voltage  Drop  due  to,  88. 
Retardation  Tests,  338. 
Rotary  Converters — 

Comparison  with  Generator,  464. 

Designs,  467,  4S9. 

Dimension^,  470.  4?9. 

EKciency,  453. 

Four-phase,  421. 

Frequency,  467, 

Heating,  453. 

Hunting,  458. 

Inverted,  465. 

Lasses  in,  449. 

Magnetic  Circuit,  479- 

Output  CoeRicient,  470. 

Parallel  Working,  457. 

Single-phase,  419. 

Starting,  453. 

Three-phase,  422. 

Windings,  434,  473i  476.  480. 
Rotary  Synchroniser,  347. 
Rothert's  Anipite-lum  Method,  285. 
Rotors,  195,  303. 

Saturation  Curve,  337,  396,  407. 
Secondary  Current  on  Primary,  Eflect  of, 

65- 
Series  Coils,  486. 
Series  Field  Turns,  445. 
Shape  of  Current  Waves,  30. 

Electrodes,  39. 

Primary  Current  Wave,  81. 
Shell  Type  Transformer,  73,  94,  157, 176. 
Shields,  Earthed,  77. 
Short-circuit  characteristic,  2S1. 

Current,  397,  409. 

Test  of  Transformer,  96. 
Short-circuiting  of  Alternators,  301. 
Sbort-coil  Winding,  313. 
Shunt  Coils,  4S6. 
Single-phase  Alternator,  266. 

Qinverter,  419. 

Transformer,  6S,  151,  157,  IJ9. 

Windings,  207,  435. 
Sii- phase  Windii^,  436. 
Slip  Rings,  199. 
Slots,  194,  254,  386,  387,  393. 

Insulation,  jS. 

Leakage,  354. 

and  Teeth,  475,  4S1. 


Factor  of  Windings,  tso. 
Specific  Inductive  Capacity,  37. 
Starling  of  Rotary  Converter,  453, 
StMtic  Balancer,  461. 
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Staler  Windings  Insulation,  57. 
Stators,  192,  300. 
Stress  on  a  Dielectric,  a6. 
Sumpner's  Test  on  TrKnirormers,  tl8. 
Synchronisers,  345. 

Rotary,  345. 

Three-phase,  348. 
Synchronising  Current,  353. 

P—",  3SS. 

Torque,  365. 
Synchronous  Impedance,  178,  aSl. 

Temperature,  Calculation  of  Rise  of,  II8. 

Increase  of,  in  Insulators,  50. 

Maximum  Permissible,  lis. 
Temperature  and  Moisture,  Influence  of. 


Testing  of  Alternators,  31Z. 

Transfbrmei  Iron,  IIZ. 
Tests,  Efficiency,  116. 

Heating,  130,  337. 

Insulation,  45,  61. 
Thompson's  Melhod  of  Analysis,  12. 
Three-phase  Alternators,  325,  375,  392. 

Converter,  422. 
Tliree- phase    Circuit,   Transformer    for, 
13a- 

to  Six-phase  Connections,  135. 

to  Two-phase  Connections,  136. 

Winding,  212,  436. 
Three-wire  System,  Static  Balancer  for, 

461. 
Time  Curves,  33. 
TransTonnation  Ratio,  63. 
Transfoimer  Iron,  Testing  of,  112. 
Transformers — 

Air-blast  Cooling,  126. 

Ageing,  104. 

Auto,  139. 

Boostii^,  140. 

Cooling,  lao,  123,  J77. 

Connections,  135. 

Construction,  6S. 

Copper  Loss,  toa,  143. 

Core  Loss,  III. 

Core  Type,  68,  90,  14S. 

Design  Coefficients,  160. 

Designs  of,  143,  173,  179. 

Diagrams,  82. 

Dimensions,  160. 

Efficiency,  114,  116,  169. 

Equivalent  Circuits,  87. 

Heating,  120,  130,  164,  175. 

Hysteresis,  81,  103. 

Inductive  Drop,  90,  177. 


Transformers — 
Insulation,  52. 
Iron  Loss,  103,  145. 
Leakage,  66,  83,  85. 

Magnetic  Circuit,  161. 

Network  Angles,  138. 

Oil-immersed,  113. 

Parallel  Running,  137. 

Regulating,  140,  164. 

Resistance,  88. 

Shell  Type,  72,  94.  157,  176. 

Single-phase,  68,  151,  157,  166. 

Special  Forms,  139. 

Temperature,  I2Z,  1 28. 

Tests,  61,  96,  III,  130. 

Three-phase,  72,  131,  156. 

Voltage  Drop,  S8. 

Windmg,  52,  71,  94,  150,  161,  185. 
Turbo-altemators,  200,  33S,  404. 
Two-phase  Winding,  211. 

Value  of  Complex  Quantities,  23. 

Internal  Phase  Angle,  274. 
Variation  of  Volts,  441. 
Varnishes,  44. 
Vector  Diagram  for  Short-circuit   Test, 


415- 
Vickers,  Son  &  Maxim  Alternator,  400. 
Voltage  Drop  in  Transfomer,  88. 

Pulsation  in,  44S. 

Reflation,  442. 

Variation  of,  441. 
Vulcanised  Fibres,  39. 

Wattless  Current,  Calcnhktion  of,  445. 

Method  of  Finding  Drop,  388. 
Wave  Forms,  I,  29,  81. 
Waves,  Current,  20. 

M.M.F.,  264. 
Westinghouse  Transformer,  183. 

Turbo- alternator,  202. 
Windings,  Annatuie,  202,  206,  385,  393, 
404,  43  s,  480. 

Breadth  Factor,  437. 

Converter,  434,  473,  a,1b,A^a. 

Field.399.  409,  476,  485- 

ShoilCoit,  212. 

Single-phase,  207. 

Space  Factor  of,  150- 

Three- phase,  212. 

Transformer,  52,  71,  94,  I61. 

Tutbo-altemalor,  202. 

Two-phase,  311. 
Wire  Table,  492. 
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